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The sustainable practice in the palm oil industry which supplies the most demanded 
edible oil in the world, has a long way to be well developed. One of the most 
challenging problems is the management of wastewater generated from the oil palm 
processing, known as palm oil mill effluent (POME). The most popular treatment 
method applied to treat POME in the palm oil mills is anaerobic ponding system. 
Bioconversion of POME to generate methane gas via anaerobic digestion involves a 
consortium of microbes which are responsible in several steps of the biodegradation 
process. However, the biodegradation potential of the microorganisms in the full-scale 
treatment system in the palm oil mill is yet to be explored. POME is also known to 
have the adverse environmental effects if it is not properly treated, including 
contamination of land and aquatic ecosystem and the loss of biodiversity. A proper 
treatment is needed to ensure POME can be discharged into the nearby river water or 
land according to the requirement set by the authority. However, the current 
monitoring system using physicochemical characterisation is not sensitive enough to 
indicate the actual source of contamination in the water bodies. 
 
In general, a detailed evaluation of the compositions of the bacterial communities in 
the POME final discharges obtained from four different palm oil mills and composition 
of bacterial community during the anaerobic treatment of POME were elucidated in 
this study using PCR-denaturing gradient gel electrophoresis (DGGE) and high-
throughput MiSeq approaches, aided by advanced bioinformatics analysis in analysing 
the bacterial community structures. The correlation relationships were also carried out 




community compositions and the changes of physicochemical properties of POME, 
including pH, temperature, biochemical oxygen demand (BOD5) and chemical oxygen 
demand (COD). The compounds analyses were also done to correlate the 
biodegradation potential of bacteria during the treatment of POME. 
 
The findings demonstrated a significant difference of bacterial species richness and 
evenness among the four POME final discharges. However, the bacterial community 
compositions in the different final discharges exhibited almost similar patterns in that 
the phylum Proteobacteria was dominant in all the samples. Interestingly, the 
proposed bioindicators to indicate the river water contamination due to POME final 
discharge, the Alcaligenaceae and Chromatiaceae families, were found to be present 
in all the four final discharges despite the different characteristics of the mills and the 
different biotreatment processes used by them. In addition, both bioindicators were 
also shown to be strongly and positively correlated with the concentration of BOD5, 
hence make them reliable bioindicators to indicate the river water contamination due 
to POME final discharge. 
 
Furthermore, in order to elucidate the biodegradation potential of microorganisms in 
the POME treatment, a thorough analysis of bacterial and archaeal communities in 
different stages of POME treatment was carried out which comprised of anaerobic, 
facultative anaerobic and aerobic processes, including the mixed raw effluent (MRE), 
mixing pond, holding tank and final discharge phases. The bacterial and archaeal 
communities were shown to be shifted according to their biodegradation potential and 
the changes of physicochemical properties of POME. Based on the data obtained, the 




treatment stages: (1) Lactobacillaceae (35.9%) dominated the first stage that 
contributed to high lactic acid production; (2) higher population of Clostridiaceae in 
the mixing pond (47.7%) and Prevotellaceae in the holding tank (49.7%) contributed 
to the higher acetic acid production; (3) the aceticlastic methanogen Methanosaetaceae 
(0.6–0.8%) played a role in acetic acid degradation in the open digester and closed 
reactor for methane generation; (4) Syntrophomonas (21.5–29.2%) might be involved 
in fatty acids and acetic acid degradations by syntrophic cooperation with 
hydrogenotrophic methanogen, Methanobacteriaceae (0.6–1.3%); (5) phenols and 
alcohols detected in the early phases but not in the final discharge indicated the 
successful degradation of lignocellulosic materials. A sustainable palm oil industry 
could be developed with better POME pollution management by adopting a reliable 
and accurate monitoring system. To our knowledge, this is the first study reported on 
the biodegradation mechanisms involved in the different stages of the full-scale 
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     INTRODUCTION 
 
The oil palm industry is an active contributor to the nation's economic growth with 
high annual export profit of palm products which was estimated at RM 78 billion just 
in the year 2017 (Kushairi et al., 2017). The production of palm oil will continue to 
increase to meet the global demand for oil and fats products. Although the oil palm 
industry appears to be one of Malaysia's most structured agro-industry, the milling 
process produces massive colloidal wastewater during the oil extraction process at the 
palm oil mill, known as palm oil mill effluent (POME). The traditional milling process 
normally employs steam for the sterilisation of fruit, which finally lead to the 
formation of POME (Law et al., 2016). Typically, 1 tonne of crude palm oil production 
requires approximately 5 to 7 tonnes of water which over 50% of it ends up as POME 
(Wang et al., 2015). Due to the higher discharge of POME into the receiving water 
bodies, the oil palm industry has been claimed as one of the largest water polluters in 
Malaysia. 
 
The huge generation of POME from the palm oil industry has become a serious issue 
that not only affects the industry, but also people and the environment. POME is 
brownish as it contains appreciable amounts of organic matter which eventually 
increases both the biochemical oxygen demand (BOD) and the chemical oxygen 
demand (COD) that originate from steam extraction process (Bala et al., 2015; Saeed 
et al., 2015). Without a proper treatment, POME will inflict serious environmental 
pollution. The anaerobic digestion applied for the treatment of POME could increase 




POME treatment using the ponding system. However, if it is not being managed 
efficiently, the discharge of treated or partially treated POME into a nearby river could 
lead to severe environmental pollution (Rupani et al., 2010).  
 
Therefore, it is important to have a reliable assessment method to indicate the source 
of contamination due to POME final discharge. Current assessment via determination 
of the physicochemical properties of the affected river water is considered inaccurate 
as they may contain pollutants originated from other anthropogenic sources such as 
from the residential areas and agricultural practices. The use of an indicator could be 
regarded as a potential approach for assessing the specific cause of pollution in the 
effluent receiving river water (Zhang et al., 2014). The Alcaligenaceae and 
Chromatiaceae have been proposed in the previous study to be used as potential 
bioindicators to indicate the river water contamination due to POME final discharge. 
Both of them which were reported to be present in the effluent receiving river but not 
in the unpolluted river water were also determined to be originated from the POME 
final discharge (Sharuddin et al., 2017). 
 
Nevertheless, the aim of POME treatment is alike which is to reduce the polluting 
power of this wastewater below the effluent discharge standard before it is being 
released into the environment, but different biotreatment processes have been 
employed in the different palm oil mills, generating different properties of POME final 
discharge. The generation of waste from palm oil mills is also dependent on the amount 
of fresh fruit bunch (FFB) processed (Liew et al., 2017). Hence, it remains unclear 
how these different biotreatment processes and capacities could affect the result of the 




bioindicators. Since the bacteria are highly sensitive to disturbances and could react 
differently depending on the properties of pollutants, environmental factors and 
treatment processes, it is important to assess the practical relevance of the bioindicator 
for monitoring the river water quality.  
 
In addition, as emphasis is placed on the concept of biodegradability in biological 
treatment of POME, utilisation of vast microbial consortia in the pond and anaerobic 
treatment systems in the mills (Choong et al., 2018; McHugh et al., 2003) needs to be 
looked into more thoroughly. Up to date, insights into the bacterial and archaeal 
communities and key players catalysing a complex series of biochemical reactions to 
reduce the polluting power of POME in the treatment system are still unclear. 
Therefore, the substrates causing inefficient treatment of POME are not ascertained. 
Digestions problems may also arise from insufficient understanding of the 
biodegradation mechanism which in turn resulting in failure of the treatment system.  
 
Current studies have focused largely on the microbial community structure of POME 
in various bioreactor configurations (Rana et al., 2017) with little attention given to 
the bacterial and archaeal consortia involved in the biodegradation in the different 
stages of full-scale treatment of POME. The management of POME remains unclear 
and challenging without understanding the biodegradative pathways involved 
throughout the treatment. Therefore, to ensure a sustainable industrial practice, it is 
essential to have more knowledge on the bacterial population, diversity and how they 





The current conventional culturing methods used in analysing the bacterial community 
structure is inadequate as most of the important environmental bacterial species are 
unculturable (Lu et al., 2015; Rani et al., 2008). However, with the application of 
molecular phylogenetic methods and the emergence of next generation sequencing 
(NGS), it is now possible to obtain a view on the bacterial community that was 
previously inaccessible (Tan et al., 2015). The integration of PCR-denaturing gradient 
gel electrophoresis (DGGE) approach and high-throughput MiSeq serves as valuable 
tools to study the bacterial community composition and structure (Yu et al., 2015). The 
databases containing information regarding the relative abundance and activity of 
bacterial communities could provide thorough insights on the bacterial community 
composition in the POME final discharges taken from different biotreatment processes 
of POME, as well as the bacterial and archaeal diversity and composition in the 
different stages of POME treatment. The biodegradation potential of bacterial 
community throughout the treatment process could also be obtained by correlating the 
shift of bacterial community with the changes of physicochemical properties of 
POME. 
 
This study aimed to assess bacterial community changes in the POME final discharges 
generated from different biotreatment processes, as well as during the full-scale 
treatment of POME. The specific objectives of this research were: 
I. To assess the presence of bioindicators in the POME final discharge 
generated by different biotreatment processes and correlate to the changes 
of pollutant properties; 
II. To assess the changes of bacterial and methanogenic archaeal communities 







 Palm Oil Industry 
 
Over several decades, palm oil has been known as the most edible vegetable oil 
consumed by people around the world. The oil palm, Elaeis guineensis, is the most 
productive oil producing plant which was first brought to Malaysia from West Africa 
in 1876 and commercialized in 1970. Developing countries such as Indonesia, 
Malaysia, Nigeria and Thailand are among the major palm oil producers and supplies 
in the world. Now, with over 17 million tonnes annual CPO production, Malaysia is 
ranked as the second largest producer of CPO after Indonesia (Laurance et al., 2010)  
 
2.1.1 Palm Oil Industry in Malaysia 
 
In Malaysia, oil palm cultivation begun in 1917 and it was started to develop in the 
subsequent years. The year 2017 has marked 100 years of oil palm cultivation in 
Malaysia (Zunaira and Hanim, 2017). In years 1960s, statistics on oil palm cultivation 
show Malaysia has had only 54,000 hectares of oil palm plantations. Since then, the 
oil palm cultivation area has increased dramatically. Oil palm plantations have 
occupied 3.38 million hectares of Malaysian lands in years 2000s (Abdullah, 2003; 
Awalludin et al., 2015). The recent statistics showed the increasing of 0.96% of oil 
palm plantation from 4.85 million hectares in 2010 to 5.81 million hectares in 2016 




under the tropical climate in Malaysia due to the stable all-year-round temperature 




Figure 2.1 Expansion of oil palm cultivation area in Malaysia from 1960 until 
2016 (Sources: Abdullah (2003); MPOB (2016)). 
 
The increment of oil palm cultivation area was resulted from the government incentive 
to meet the strong demand of palm oil global production and to fulfil the growing 
global need for oils and fats sustainably. Figure 2.2 shows the oil palm planted area 
in Malaysia where Peninsular Malaysia showed the largest oil palm planted area with 
2.70 million hectares (46.6%). Sarawak overtook Sabah as the largest oil palm planted 
state in 2017 with 1.56 million hectares or 26.8% of the total Malaysian oil palm 




































Figure 2.2 Oil palm planted area in Malaysia; ♦: Peninsular Malaysia, ●: 
Sabah and ▲: Sarawak (Source: MPOB (2017)). 
 
 
The same expanding trend can also be observed in the production of CPO (Figure 
2.3). In overall, Malaysia recorded an increase in palm oil production. However, the 
El-Nino weather phenomenon during the second half of 2015 and into the first half of 
2016 had impacted the Malaysian oil palm industry performance in 2016 (MPOB, 
2016). Nevertheless, the palm oil production showed starling performance with 
significant increased following recovery from the impact of the El-Nino phenomenon 
in 2017. The oil palm industry has becomes a strong contributor to the nation's 
economic growth with annual high export revenues of palm products which was over 




























         
Figure 2.3 Total production of crude palm oil  ( ) and crude palm kernel oil 
( ) in Malaysia (Source: MPOB (2017)). 
 
2.1.2 Crude Palm Oil Processing 
 
Palm oil processing is carried out in the palm oil mills to extract the oil from fresh fruit 
bunch (FFB). After harvesting, FFB needs to be processed as soon as possible in order 
to prevent a rapid increase of free fatty acids (FFA) which could affect the quality of 
the CPO. Therefore, most of the palm oil mills are generally located in the plantations 
area to facilitate the timely transportation and to ensure an effective processing of FFB. 
The increased number of palm oil mills has resulted in the increased amounts of FFB 
to be processed year by year (Figure 2.4). Up to year 2017, Malaysia recorded a total 
of 454 palm oil mills in operation, with 244 mills operated in Peninsular Malaysia and 
































Figure 2.4 Number of palm oil mills (●) and processing capacity of FFB ( ) at 
palm oil mills in Malaysia from 1980 to 2010 (Sources: 
http://www.mpob.gov.my/en/palm-info/environment/520-achievements 
(accessed on 29.06.2018) and 
http://bepi.mpob.gov.my/index.php/en/statistics/sectoral-status.html 
(accessed on 29.06.2018)). 
 
Of the total palm oil mills in Malaysia, Federal Land Development Authority 
(FELDA) which is a Malaysian government agency owned 72 palm oil mills that 
producing 2.66 million metric tonnes of CPO annually, more than any other producer 
worldwide, hence making FELDA the world’s largest producer of CPO (Felda Group 
Venture, 2017). The FELDA palm oil mills were divided into three categories based 
on mill’s operation capacity which are 30, 40 and 60 tonnes of FFB processing per 
hour.    
 
In the process of CPO extraction, the wet palm oil milling process is commonly applied 
in Malaysia. Excessive volumes of water and steam are required to remove dirt and for 
sterilisation in the different steps of the wet process. The huge quantity of water is 
typically obtained from an adjacent freshwater resource such as a river, which requires 
























































sources and quantities of water, its subsequent POME generation, as well as the 
products and by-products is presented in Figure 2.5. After several steps of CPO 
extraction process, a sludge of two layers comprising of oil and water are formed in 
the recovery tank. The oil layer which is the lighter phase of the sludge is drained to 
the clarification tank where the CPO is skimmed off. The CPO is then purified, vacuum 
dried and stored in the CPO storage tank, waiting to be transported to the refinery. The 
heavier aqueous layer known as POME is discharged into the wastewater treatment 







Figure 2.5 Schematic diagram of typical palm oil extraction process (Source: 
Ahmed et al. (2015)). 
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 Palm Oil Mill Effluent  
 
POME is the liquid waste generated by palm oil industry which considered as the most 
expensive and difficult waste to manage by the mill operators due to the large volumes 
generated (Madaki and Seng, 2013). Due to this reason, as the easiest and cheapest 
method for disposal of POME, the raw or partially treated POME is still being released 
into the environment. Nevertheless, the discharging of POME into the environment 
had caused the alarming rise of pollution particularly to the aquatic ecosystem.   
 
2.2.1 Characteristics of Palm Oil Mill Effluent 
 
The raw POME is produced from the sterilisation and clarification stages in the form 
of highly concentrated dark brown colloidal slurry of water at the temperature of 80°C 
to 90°C (Ahmad et al., 2005), containing 95 – 96% of water, 0.6 – 0.7% of oil and 
grease and 4 – 5% of total solids (Ahmad et al., 2006). The generation of POME can 
create odour problems and nuisance to the community living nearby the palm oil, as 
well as cause the river water pollution. The refined characteristics of POME were 
extracted from several literatures as shown in Table 2.1. The characteristics of POME 
may vary by different batches, days and factories, depending on the several factors 
including the oil palm cropping seasonal and palm oil mill operations (occasional 
public holidays, closure of the mill, operation and quality control of individual mills) 




Table 2.1 Physicochemical characteristics of POME originated from different sources. 
 
Characteristics Unit POME  
Poh and Chong 
(2014) 
Kim et al. (2013) Malakahmad et 
al. (2014) 
Ahmad et al. 
(2011a) 
Fang et al. 
(2011) 
Chemical oxygen demand (COD)  mgL-1 322580 ± 9500 49200 ± 6200 50450 ± 850 65000 97000 
Biochemical oxygen demand 
(BOD) 
mgL-1 1700 ± 2500 - 24850 ± 3540 40000 - 
Total solids mgL-1 - 46200 ± 5900 - 45000 67300 
Suspended solids mgL-1 15000 ± 1350 15200 ± 1800 12053 ± 1467 - 40600 
Volatile solids mgL-1 - 37000 ± 4600 - 26300 57300 
Volatile suspended solids mgL-1 - 14400 ± 1800 - 20000 34500 
Total Kjeldahl nitrogen mgL-1 852 ± 107 1000 ± 120 749 ± 35 890 3200 ± 
550 
Oil and grease mgL-1 6100 ± 1094 - 2038.5 ± 212.5 1500 - 
Temperature °C 47 ± 4.5 - - 55.5 - 




2.2.2 Treatment of Palm Oil Mill Effluent 
 
Due to its high organic load, POME is regarded as one of the most polluting agro-
industrial residues (Poh and Chong, 2009), therefore it is a great challenge to treat 
them. The increase in palm oil production has raised the question of how to efficiently 
manage the increasing volume of POME while preserving the environment. The 
selection of the POME wastewater treatment system is largely influenced by the 
operating and maintenance costs, land availability and mill location. The first factor 
plays a greater role in the treatment system selection. 
 
More than 85 percent of palm oil mills in Malaysia use the low-cost weighing system 
to treat POME because of cost-effective treatment, low capital, ease of handling and 
simplicity (Liew et al., 2015). Previously, the open ponding system was the popular 
choice which generally consists of cooling and mixing, anaerobic, facultative and 
aerobic ponds (Figure 2.6). The cooling and mixing pond stabilizes the POME 
temperature and pH before anaerobic digestion. In the anaerobic stage, a wide variety 
of organic materials could be stabilised and concurrently produces methane from the 
digestion process. In the meantime, the subsequent facultative and aerobic ponds are 
required to further reduce the organic content of wastewater before it is discharged 







Figure 2.6 Typical configuration of ponding system for the treatment of 
POME (Source: Zainal et al. (2017)). 
 
 
Open ponding system has been shown to successfully reduce the concentration of 
pollutants such as BOD (100 – 610 mg/L), COD (100 –  1725 mg/L) and ammoniacal 
nitrogen (100 – 200 mg/L) (Chin et al., 1996; Zahrim et al., 2014). However, the 
ponding system has limitations of long hydraulic retention time (HRT) and require 
large land space. In addition, the final discharge of POME usually does not meet the 
limits set by the Malaysian Department of the Environment (DOE). The BOD target 























Figure 2.7 The target of BOD concentration in the general treatment system 
of POME in the palm oil mill (Adapted from Zahrim et al. (2014)). 
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Among the various treatment methods of POME, anaerobic digestion is considered 
more efficient as compared to the other methods due to higher treatment effectiveness 
and the potential of the energy recovery (Wu et al., 2010). According to Ma et al. 
(1999), the end product of the anaerobic digestion of POME is a mixture of biogas, 
mainly comprises of methane and carbon dioxide in a ratio of 65:35 and traces of H2S. 
Approximately, 28 m3 of biogas can be obtained from 1 tonne of POME (Quah and 
Gillies, 1984). However, due to the variations in POME treatment practices, the 
methane emission may differ. As reported by Shirai et al. (2003) and Yacob et al. 
(2005), 35–45% of methane was generated from the anaerobic treatment of POME. 
 
In addition, the anaerobic digestion of organic waste has advantages over aerobic 
treatment process due to its high organic removal rates and low energy requirement. 
Anaerobic digestion is also considered as the primary biological treatment process for 
high organic strength wastewater since it produces less sludge compared to aerobic 
process (Angenent et al., 2004). The advantages and limitations of several methods for 





Table 2.2 Several methods applied for the treatment of POME with the 
comparisons of economical, environmental and operational aspects 
(Adapted from Choong et al. (2018)). 
 
Treatment method Pros Cons 








E.g.: Rotating biological reactor, 
Activated sludge reactor 
 Very energy intensive 
 Inefficient treatment 
 Requires incorporation of 
other treatment systems 
Anaerobic digestion high-rate 
closed system 
E.g.: Continuous stirred tank 
reactor, Upflow anaerobic sludge 
blanket reactor, Anaerobic 










E.g.: Coagulation and 
flocculation, floatation 
 Extra cost required 
 Inefficient treatment 




Low cost Inefficient treatment 
 Requires pre-treatment 
 
 
2.2.3 Palm Oil Mill Effluent Final Discharge 
 
During oil palm processing, substantial amount of water is consumed, thus generating 
large volume of raw POME amounting 43.29 million m3/year (based on calculation 




approximately 5.0 to 7.5 tonnes of water would be required to process 1 tonne of CPO 
and the remaining 50% of this water would end up as POME. Hence, more attention 
is given to the generation of POME which usually being discharged into the nearby 
river, either in the form of raw or treated POME that causes an alarming rise in aquatic 
pollution (Rupani et al., 2010). 
 
It is the mill's responsibility to regularly monitor the quality and quantity of the POME 
final discharge and ensuring the treated POME meets the standard regulations. Laws 
and regulations have been enacted in order to prohibit and halt the environmental 
problem caused by POME. Under the Environment Quality Act of Malaysia 1974, the 
Environmental Quality (Prescribed Premises) (Crude Palm Oil) Order 1977 and the 
Environment Quality (Prescribed Premises) (Crude Palm Oil) Regulations 1977, 
necessary legal instruments were provided for the control of effluent discharged from 
palm oil mills (Latif et al., 2014).  
 
The DOE of Malaysia proposes more stringent regulations due to the pollution 
potential of POME final discharge and the failure of many industries to comply with 
the discharge standard. (Bello and Abdul Raman, 2017). One of the main provisions 
of the new regulation is that POME should be well treated and obeys the limits in 
respective discharge standard set by the DOE as presented in Table 2.3. Recently, the 
DOE announced more stringent regulation to reduce the BOD discharge limit from 
100 mg/L down to 50 mg/L and 20 mg/L, depending on the location of palm oil mill 
(Julaidi, 2014; Tabassum et al., 2015). The stringent regulations may continue to 




Table 2.3 Characteristics of raw POME and final discharge with the 





















COD (mg/L) 51 000 800 100 NA 
BOD3 (mg/L) 25 000 200 100 20 
pH 9.0 4.2 5.0 – 9.0 5.0 – 9.0 
Temperature (°C) 85 25 45 45 
Colour (ADMI) 10 000 500 200 100 
Total suspended solid 
(mg/L) 
18 000 130 400 200 
Total nitrogen (mg/L) 750 127 200 150 
Ammoniacal nitrogen 
(mg/L) 
35 - NA NA 
Total volatile solids 
(mg/L) 
34 000 - NA NA 
Oil and grease (mg/L) 4 000 –  
6 000 
- 50 5 
Manganese (mg/L) 2.0 - 10 10 
Zinc (mg/L) 2.3 - 10 10 
Copper (mg/L) 0.8-0.9 - 10 10 
Iron (mg/L) 180 - 50 50 
Phosphorus (mg/L) 180 - NA NA 
Potassium (mg/L) 2270 - NA NA 
Magnesium (mg/L) 615 - NA NA 
Boron (mg/L) 7.6 - NA NA 
Notes: NA: not available, ADMI: American Dye Manufactures Institute (Source: 





 Biochemical Reactions Involved in the Treatment of Palm Oil Mill Effluent 
 
A series of biochemical reactions involved during the treatment of POME in which the 
organic material is decomposed through the metabolic pathways of naturally occurring 
microorganisms. Various types of microorganisms were successfully isolated from 
POME that were functioned in different biodegradation processes as listed in Table 
2.4. Anaerobic digestion can be used to process any carbon-containing material with 
various degrees of degradation. However, the implementation of anaerobic digestion 
technology for the treatment of POME is not straightforward. Anaerobic degradation 
is a complex process and performed by a well-organised community of 
microorganisms. Some of the microbial groups involved are slow-growing and 
sensitive to the changes in operating conditions. This can cause instability during both 
the start-up and operation of the anaerobic process (Yacob et al., 2006). In addition, to 
make the biogas process more attractive from a commercial point of view and to 
facilitate the increased integration into our energy supply systems, these instability 







Table 2.4 Microorganisms isolated from POME that involved in the 
biodegradation processes (Adapted from Tan et al. (2015)). 
 





Clostridium sp. Produce cellulose 






Pseudomonas sp. Elijah et al. 
(2013) 
Bacillus sp.: 
- B. licheniformis 
- B. firmus 




Zainudin et al. 
(2013) 
Cellulomonas sp. Synthesize acid 
from glucose 
Cellulose Hii et al. 
(2012) 
Micrococcus luteus Break down lipids 




Bala et al. 







- T. aotearoense  
- T. polysaccharolyticum  
- T. aciditolerans  
Produce H2 and 
butyric acid 
Celullose Mamimin et al. 
(2012) 
Clostridium sp.: 
- C. butyricum 
- C. paraputrificum 




Chong et al. 
(2009); Yossan 
et al. (2012)  
- Enterobacter asburiae 
- Enterobacter cloacae 
Produce H2 gas 
from carbohydrates 
and fatty acids 
Fatty acids, 
carbohydrates 





Produce acetate and 
hydrogen 





Degrade fatty acids 
in association with 
methanogens 















Fatty acid Wong et al. 
(2014) 





Nitipan et al. 
(2014) 
Methanogens (Archaea) 




Poh and Chong 





CO2, acetate Demirel and 
Scherer (2008) 
- M. thermophila  
- M. concilii 
Methanosarcina sp.: 
Convert acetate into 
methane 
CO2 Tabatabaei et 
al. (2009) 
- M. thermophila  
- M. acetivorans  
- M. barkeri 
Acetate Walter et al. 
(2015) 
 
In an anaerobic process, the POME is degraded into methane, carbon dioxide (CO2) 
and water which involves hydrolysis, acidogenesis (including acetogenesis) and 
methanogenesis (Bitton, 2005; Hassan et al., 2005). The scheme of anaerobic 






Figure 2.8 Scheme of an anaerobic degradation process for the treatment of 
POME which involves hydrolysis, acidogenesis, acetogenesis and 
methanogenesis (Source: Ohimain and Izah (2017)). 
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The first phase in anaerobic digestion is hydrolysis, a process of converting complex 
substrates into simple smaller more soluble molecules. It is a slow process and is the 
rate-limiting reaction in the acid forming phase. Complex carbohydrates, lipids and 
proteins are converted into smaller soluble masses such as glucose, alcohol, amino 
acids and volatile fatty acids which in turn are immediately converted to shorter chain 
volatile fatty acids generating carbon dioxide (CO2) and hydrogen (H2) as by-products 
(Singhania et al., 2013). Several hydrolytic enzymes such as cellulases, cellobiose, 
xylanase, amylase, lipase and protease which are secreted by microbes attached to a 
polymeric substrate (Lam and Lee, 2011) enable the hydrolysis to occur. 
 
A number of bacterial species involved in the polymer hydrolysis phase have been 
isolated from POME, including species belonging to the genera Clostridium 
(Khemkhao et al., 2015), Bacillus (Zainudin et al., 2013), Cellulomonas (Hii et al., 
2012), Micrococcus and Stenotrophomonas (Bala et al., 2014a). As the polymer 
hydrolysis phase occurs extracellularly, it does not directly contribute to the energy 
harvesting metabolism of the involved microbial community. Thus, the bacterial 
species active in the polymer hydrolysis phase are also active during the acidogenesis 
phase in order to gain energy for cell growth and replication. The polymer hydrolysis 
phase of biochemical reaction is generally considered to be the primary rate limiting 
step for the conversion of waste feedstocks that has a high concentration of recalcitrant 







Hydrolysis is immediately followed by the acid-forming phase known as acidogenesis. 
In this process, acidogenic bacteria produced acetate, propionate, butyrate and iso-
butyrate (alcohol and lactate. Abundant of facultative anaerobes and strict anaerobes 
degrade soluble monomers from hydrolysis stage in fermentation process producing 
carbon dioxide (CO2), hydrogen gas (H2), alcohol and organic acid. Although some of 
end-product for example acetate, H2 and CO2 is been directly utilized by methanogens 
prior to biogas production, other intermediates such as volatile fatty acid can cause 
digester failure (Hattori et al., 2008; Zhang et al., 2015). The specific concentrations 
of products formed in this stage vary with the type of bacteria as well as with the 
culture conditions, such as temperature and pH. Final products of fermentation 
eventually become precursors for methane production (Lam and Lee, 2011). 
 
H2 is produced is produced in the fermentative pathways. The H2 production is 
required for an anaerobic digester where H2 is an important substrate for the production 
of methane. It is crucial to ensure the level of H2 is low since the acetogenic bacteria 
in an anaerobic degradation process can be inhibited by the high pressure of H2 
(Gerardi, 2006). Besides that, acidogenesis and methanogenesis phases are in dynamic 
balance in an anaerobic digestion system. After the conversion of organic matters into 
volatile acids and H2, it will be converted into methane and CO2 (Kim et al., 2003).  
 
A wide variety of microbes have been identified to participate in the acidogenesis 




Proteobacteria (Mamimin et al., 2012; Poh et al., 2010; Tanikkul et al., 2016). In 
addition to the genera listed for polymer hydrolysis phase, genera of bacteria which 
solely participate in the acidogenesis phase including those belonging to the family 
Anaerolineaceae in the phylum Chloroflexi (Wen et al., 2015), the genera 
Bifidobacterium and Paludibacter in the phylum Bacteroidetes (Ambuchi et al., 2016) 




Acetogenesis occurs through carbohydrate fermentation where acetate is produced as 
a main product, in a combination with CO2 and H2. The role of H2 as an intermediary 
product is of critical importance to anaerobic digestion reactions. Long chain fatty 
acids generated from hydrolysis of lipids are oxidised to acetate or propionate with the 
formation of H2 gas. Under standard conditions, the oxidisation might happen with the 
presence of H2 in the solution. Therefore, a low H2 partial pressure is required to 
thermodynamically allow the conversion to occur (Ostrem, 2004). This can happen 
with the presence of hydrogen scavenging bacteria that consumes H2. The 
concentration of H2 measured by partial pressure is an indicator of the stable (active) 
of a digester.  
 
A group of bacteria known as syntrophic acetogens are responsible for the conversion 
of non-acetate short chain fatty acids (SCFAs) into acetate, CO2 and H2. Genera such 
as Desulfobulbus, Syntrophobacter and Smithella of the order Deltaproteobacteria are 




Syntrophomonas of the phylum Firmicutes are capable of converting butyrate and 
longer chain of SCFAs (Ahmad et al., 2011a; Hatamoto et al., 2007).  
 
The syntrophic label for these bacteria comes from the requirement of the presence of 
a group of hydrogen utilizing organisms in order to preserve a favourable 
thermodynamic gradient for the conversion of SCFAs to acetate. This is often a 
hydrogen utilising methanogen, however reports have indicated that sulphate reducing 
bacteria are also capable of supporting syntrophic acetogenesis under conditions of 




Methanogenesis or methane fermentation is exclusively carried out by a specialised 
group of microorganisms, the archaeal methanogens. Methanogenesis is the rate-
controlling portion of the process because methanogen has slower growth rate than 
acidogens. Methanogens are very sensitive to changes and prefer a neutral to slightly 
alkaline environment and hardly to survive at pH below 6.  
 
The methanogens converts the soluble matter into methane (Ostrem, 2004). The 
methanogens are conceptually divided into three groups according to phylogenetic and 
phenotypic similarity (Anderson et al., 2009; Bapteste et al., 2005). The first group 
(Class I methanogens) including the orders Methanobacteriales, Methanococcales and 
Methanpyrales, while the second and third groups (Class II and Class III methanogens, 




respectively (Anderson et al., 2009). This distinction is important as the Class I and II 
methanogens are both regarded as being hydrogenotrophic, in that they only use 
formate, and/or CO2 and H2 as their substrates for methanogenesis. The Class III 
methanogens, on the other hand, are characterised as being acetoclastic or 
acetotrophic, being able to use acetate and depending on the particular genus, 
methanol, methylamines or other one carbon compounds (Anderson et al., 2009). 
Although anaerobic digestion can be considered to take place in these four stages, all 
processes occur simultaneously and synergistically. 
 
About 66% of methane is generated and approximately 34% of CO2 is produced from 
acetate decarboxylation through acetoclastic pathway. According to Hattori et al. 
(2008), the degradation of acetate is taking place continuously via two pathways; 
firstly, acetate cleavage by acetotrophic methanogens which is accomplished by two 
genera of methanogens, Methanosarcina, Methanosaeta and syntrophic acetate 
oxidation (Hattori et al., 2008). Secondly, a two-step reaction in which acetate is 
oxidised to H2 and CO2 and these products afterwards are converted to methane. At 
this stage, Clostridium spp. (acetate oxidizing bacteria) and Methanobacteriales or 
Methanomicrobiales (hydrogenotrophic methanogens) completed the reaction (Sasaki 
et al., 2011).  
 
The degradations of acetate are significantly influenced by the environmental 
conditions such as temperature, concentrations of ammonia and amino acids, the types 
of reactors and organic loading rate (Ji et al., 2013). Typical reactions of anaerobic 




C6H12O6    2C2H5OH + CO2    [1] 
C2H5OH+CO2    CH4+ 2CHOOH   [2] 
CH3COOH    CH4 + CO2     [3] 
CO2 + 4H2    CH4 + 2H2O     [4] 
 
 Assessment of Bacterial Community Composition 
 
The vast diversity of the bacterial communities underpinning the wastewater treatment 
and the complexity of the interactions between different trophic groups and the 
environmental conditions remain poorly understood. The metabolism and lifestyle of 
most of the microbes also remain unknown. Conventional methods are commonly used 
to assess microbial communities in the environment which commonly based on 
cultivation, also known as traditional culture methods. These methods mostly rely on 
culturing microbes using growth media such as Luria-Bertani medium, nutrient agar 
and tryptic soy agar, followed by the identification of pure culture. Typically, the 
isolation of pure cultures applying several growth steps is necessary to characterise the 
bacteria in more detail (Sousa and Pereira, 2013).  
 
Consequently, the conventional methods are labour-intensive and time-consuming, 
since the results are not available until at least 1–3 days (Braga et al., 2013; Van 
Belkum et al., 2013). Moreover, the culture-based methods have the limitation 
whereby most of the microorganisms do not able to grow on artificial media. It has 
been suggested that more than 99% of environmental microorganisms cannot be 




techniques (Bing-Ru et al., 2006; Hugenholtz et al., 1998; Ranjard et al., 2000; Su et 
al., 2012). However, with the development of the molecular fingerprinting techniques 
and high-throughput sequencing technologies, the complex microbial communities 
involved in the various wastewater treatment systems can be comprehensively 
investigated. 
 
2.4.1 Assessment of Bacterial Community using Molecular Fingerprinting 
Techniques 
 
Microbial community profiling is commonly used to evaluate and compare between 
different microbiomes in various types of environments. The 16S ribosomal RNA 
(rRNA) gene has been almost exclusively used as a marker gene in the studies of 
microbial communities, either community composition or population dynamics. The 
16S rRNA gene is a phylogenetic marker for both bacteria and archaea. This gene is 
composed of nine hypervariable regions interspersed with conserved regions (Van et 
al., 1996). The reason it was chosen as the marker gene over other rRNA genes (i.e., 
5S or 23S rRNA gene, about 120 bp and 3,000 bp, respectively) is because its length 
(about 1,600 bp) is long enough to reveal the phylogenetic information needed to 
distinguish different bacteria and archaea but short enough to be easily sequenced. In 
addition, the mosaic structure of both hypervariable regions and the conserved regions 
allow the design of specific probes and primers at different taxonomic levels.  
 
Furthermore, because of the common acceptance of 16S rRNA genes as the marker 




16S rRNA genes have been constructed. These databases including Greengenes 
(http://greengenes.lbl.gov/), Silva (http://www.arb-silva.de/), and Ribosomal 
Database Project (RDP) (http://rdp.cme. msu.edu/) greatly facilitate archiving and 
analysing the phylogenetic of 16S rRNA genes. 
 
A variety of 16S rRNA-based techniques have been developed and applied in the 
different studies of microbial ecology in the wastewater as listed in Table 2.5. Among 
various molecular fingerprinting techniques, a combination of PCR amplification of 
16S rRNA genes with denaturing gradient gel electrophoresis (DGGE) is widely used 
by many researchers where the technique is well-established for investigating the 
microbial community compositions in various types of wastewater treatment systems, 
mainly due to its technical simplicity, rapidness and low cost (Shin et al., 2010; 
Zamanzadeh et al., 2013). Nelson et al. (2011) in their study claimed that the DGGE 
profiles concurred with the detailed profiles of microbial communities in several 
digesters that were determined using 454 pyrosequencing. DGGE can also be a useful 
tool to identify representative samples to be further analyses by deep sequencing, 










Table 2.5  Molecular fingerprinting techniques applied to assess the 
composition of microbial community in various types of 
wastewater. 
 
Methods Type of wastewater References 
Denaturing gradient gel 
electrophoresis (DGGE) 
Industrial wastewater 
Sewage treatment plant 
Yao et al. (2010) 




Dye industry  
 









Bertin et al. (2006) 
Wells et al. (2011) 
 
Felföldi et al. (2010) 
Length heterogeneity 
PCR (LH-PCR)  




Treated effluents from 
agriculture, food processing 
and petrochemical industries, 




Leclerc et al. (2004) 
Amplified ribosomal 
DNA restriction analysis 
(ARDA) 
Wastewater treatment plant Gich et al. (2010) 
Ribosomal intergenic 
spacer analysis (RISA) 






DGGE gel is made up of polyacrylamide solution containing a DNA denaturant of 
urea and formamide at two different gradients. In PCR-DGGE approach, the PCR 
products are obtained from environmental DNA using a set of primers for a specific 
molecular marker. The GC clamp is attached to the 5’ end of one of the primers, in 
order to avoid the total denaturation which causes the PCR products to migrate without 
sticking on the gel as a single-stranded DNA (Muyzer, 1999). At the end, as the 
sequence variation among different PCR amplicons determines the melting behavior, 
hence, different sequences will stop migrating after reaching a certain position in the 
gel. The DGGE fingerprint profiles can then be further analysed by referring to the 
banding patterns which include the number, position, and intensity of the bands in a 
DGGE gel to estimate the number and relative abundance of dominant species in the 
sample (Tan et al., 2000).  
 
Various studies have implemented the PCR-DGGE method for the assessment of 
microbial community structure in the different types of wastewater. For instance, PCR-
DGGE is used in the characterisation of microbial community composition in a full-
scale domestic (Ding et al., 2011) and industrial wastewater treatment system (Moura 
et al., 2009), pharmaceutical wastewater (LaPara et al., 2002), sewage treatment plant 
(Hesham et al., 2011) and olive mill waste (Vivas et al., 2009). Besides that, PCR-
DGGE has also been implemented to study the impact of wastewater treatment towards 
microbial diversity such as in the anaerobic digestion (Shi et al., 2013; Shin et al., 
2010), aerobic (Yang et al., 2008) and constructed wetland (Ibekwe et al., 2003; Moura 





However, the major limitation of DGGE lies on the difficulty to obtain sequence 
information of the 16S rRNA gene fragments. To putatively identify the bands on 
DGGE gels, a set of amplicons from known species can serve as references, but such 
identification is not reliable and was only used many years ago (De Souza et al., 2004). 
As for DGGE, although individual DNA bands in the gel could be excised out, re-
amplified and sequenced directly or after cloning, it has been reported that one band 
could contain more than one DNA sequences, making it difficult to reliably identify 
the bacteria or methanogens represented by individual bands (Muyzer, 1999). 
Nevertheless, despite the DGGE limitation, this method can still be used to obtain a 
snapshot of the microbial communities from large number of samples (Kirk et al., 
2004). 
 
2.4.2 Assessment of Bacterial Community using High-throughput Sequencing 
 
High-throughput sequencing involves large scale sequencing that allows an in-depth 
investigation of the microbial communities. It becomes important in representing 
unbiased view of phylogenetic tree and functional diversity of environmental 
microbial communities. Large-scale sequencing techniques have been applied in many 
studies such as metagenomics (Delforno et al., 2017; Guo et al., 2017), 
proteogenomics (Heyer et al., 2017), metatranscriptomic (Hassa et al., 2018; Xia et al., 
2018) and whole genome sequencing (Moradigaravand et al., 2018) due to its 
capability of producing billion of sequence reads at low cost with high speed. The 
developments of instruments, new sequencing chemistries and bioinformatics have 





DNA sequencing technology includes Roche/454, Illumina GA/Solexa and 
SOLiD/Applied Biosystem. These technologies are much faster, accurate, easy-to-
operate and less expensive as compared to traditional Sanger’s dideoxy sequencing of 
cloned amplicon and they have been widely used in investigating microbial diversity 
in various types of wastewater as listed in Table 2.6.  
 
Table 2.6  Various types of wastewater analysed using high-throughput 
platform to reveal microbial diversity profiles. 
 
Type of wastewater High-throughput 
platform 
Reference 
Municipal wastewater Illumina MiSeq  Mwaikono et al. (2016) 
Industrial wastewater  Illumina MiSeq Selvarajan et al. (2018) 
Coking wastewater Illumina MiSeq 
 
Ma et al. (2015b); Shi et 
al. (2015) 
Olive oil wastewater Illumina MiSeq  Maza-Márquez et al. 
(2017) 
Industrial and 
municipal wastewater  
Pyrosequencing Roche 
454GS-FLX Titanium 
Shu et al. (2015) 
 
Wastewater from food 
industry 
Pyrosequencing Roche 
454GS-FLX   
Illumina MiSeq 
Kim et al. (2014) 
 
Liu et al. (2016) 
Domestic and industrial 
wastewater 
Pyrosequencing Roche 
454GS-FLX   
Ibarbalz et al. (2013) 
Coal mine  Illumina MiSeq Ma et al. (2015a) 
Swine wastewater Illumina MiSeq Ye et al. (2016) 
Starch wastewater Illumina MiSeq 
Pyrosequencing Roche 454 
GS-FLX Titanium 
Antwi et al. (2017) 
Lu et al. (2018) 
Brewery wastewater Pyrosequencing Roche 454 
GS-FLX titanium 
Miran et al. (2015) 
 
Wastewater from pulp 
and paper industry 
Pyrosequencing Roche 454 
GS-FLX-Titanium  
Gupta et al. (2017) 
Industrial dye 
wastewater 




The NGS technologies share the same principle of massive paralleling sequencing, but 
the sequencing chemistry, read length, running time, throughput per run and reads per 
run are slightly different between one another (Bella et al., 2013). As compared to 
other technologies, the Illumina (Table 2.7) uses pair-ended overlapping reads which 
has several advantages including the increase of total fragment length, enhance the 
sequence quality (Kuczynski et al., 2011; Lazarevic et al., 2009) and also produce a 
very low error rate as compared to other bench-top sequencers (Bella et al., 2013). 
 
Table 2.7 The properties and applications of different Illumina platforms for 
an amplicon sequencing (Adapted from Liu et al. (2012)). 
 
 MiSeq HiSeq2000 HiSeq2500 
Read length 50, 150, 250 or 
300 bp; single 
read or paired 
end 
50 or 100 bp; 
single read or 
paired end 
50, 100 or 150 bp; 
single read or paired 
end 
Run time 6 hours – 3 days 3 – 12 days 3-12 days in standard 




1 – 25 million 
fragments 
sequenced in 
parallel; 0.5 – 15 
Gbases data 
output 
100 – 200 million 
fragments 
sequenced in 
parallel; 7.5 – 35 
Gbases data 
output 
100 – 150 million 
fragments sequenced 
in parallel; 7.5 – 35 























2.4.3 Statistical Analysis, Data Representation and Visualisation of High-
throughput Data 
 
While modern molecular technologies have allowed for greater and more accurate 
interrogation of microbial diversity in wastewater treatment systems, the resulting 
datasets are often not amenable to direct sample comparison. To address this issue, a 
number of statistical description and comparison methods are used to reduce the 
complexity of the original dataset and allow for comparison of diversity between 
samples. The majority of these methods were developed by classical biological 
ecologists studying relationship of macrobiotic species such as plants or birds in 
defined environmental plots, however there is support for their application to microbial 
datasets (Hughes et al., 2001). 
 
2.4.3.1 Diversity and Diversity Indices 
 
Diversity is an important indicator of stability of an ecosystem. The concept and 
definition of alpha, beta and gamma diversity were proposed earlier by Whittaker 
(1972). Alpha diversity refers to the richness and evenness within a community, while 
beta diversity compares the richness and evenness among different communities. As 
for gamma diversity, it is an overall diversity of a defined region and represented as 
geographical diversity (Hunter and Gibbs, 2006). These diversity terms and evaluation 
methods were initially developed for and applied to ecosystems at macro scale, such 




are commonly accepted to describe the diversity in individual samples and among 
different samples.  
 
Several methods have been developed to evaluate alpha diversity of a community. The 
simplest one is species richness (S), which is the observed number of species in a given 
community. It is easy and straightforward when applied to macro ecosystems (such as 
forest) because individual species, often a small number, can be morphologically 
identified and counted. However, species richness cannot be determined because no 
robust and reliable species concept is available for microbes and it is often difficult to 
ascertain if all the ‘species’ in a community have been accounted for.  
 
A practical taxonomic unit equivalent to species of microorganisms is operational 
taxonomic unit (OTU), which is typically defined based on a sequence similarity of 
16S rRNA genes. However, true OTU richness is still difficult to determine because 
not all the OTUs present in a sample can be identified. In most studies, thus, ’true’ 
OTU richness is estimated using rarefaction (Hurlbert, 1971; Sanders, 1968), Chao1 
(Chao, 1984) or abundance-based coverage estimator (ACE) (Chao and Lee, 1992). 
Different models are used in each method and the estimates often differ considerably. 
Another challenge associated with determining OTU richness stems from huge 
difference is the number of sequences (ranging from 1 to hundred thousand of 
sequences) representing each OTUs. Given the high error rates of sequencing data 
from high-throughput technologies, OTUs represented by a small number of sequences 





The Shannon diversity index (H’) and Simpson diversity index (D) are commonly used 
to determine the alpha diversity of the associated microbes. Both indices take into 
account the richness and evenness of the species (OTUs) detected. Shannon diversity 
index (H’) is first proposed by Claude Shannon (Shannon, 1948) and is commonly 
applied to ecological data. The Shannon index provides a measure of both richness and 
evenness in a population such that a community with perfect evenness would have a 
value of H’ equal to the natural log of the number of observed species (Hmax). The 
Shannon equitability measure (EH) is the ratio of H’ to Hmax and provides an additional 
measure of the evenness of a sample, with a value of 1 indicating a sample has 
complete evenness. Meanwhile, Simpson diversity index is in a scale from 0 to 1, with 
a value of 0 representing a completely homogenous community, while a value of 1 
representing a completely heterogeneous community (Simpson, 1949).  
 
Meanwhile, beta diversity is the comparison of diversity between samples. Instead of 
a single value like alpha diversity index, beta diversity is calculated as the distance (or 
dissimilarity) between a pair of samples. Thus, if more than two samples are compared, 
a distance (or dissimilarity) matrix will be generated to represent the beta diversity. 
Many methods have been developed to generate distance (or dissimilarity) matrix, 
such as Bray-Curtis, Ochiai and Unifrac. The first two methods are non-phylogenetic, 
with the Bray-Curtis method taking into account the abundance of species or OTUs, 
while the Ochiai method only comparing the presence or absence of species or OTUs. 
On another note, Unifrac is a method to generate distance matrix based on 




compared. It is specifically developed for 16S rRNA sequences (Lozupone et al., 
2007) and widely used in analysis of beta diversity of microbiomes.  
 
2.4.3.2 Multivariate Analysis 
 
While the determination and comparison of the alpha and beta diversity in and between 
different environments can provide beneficial insight into the diversity and distribution 
of microbes in an environment, it is unable to explain how microbial communities 
react to and influence various environmental parameters. Multivariate analysis of large 
ecological datasets allows reduction of data complexity, so that major patterns and 
correlation between populations and environmental factors can be established.  
 
In environmental microbiology, principal coordinate analysis (PCO) has been 
increasingly used in visualising beta diversity and revealing the relationship between 
bacterial community composition and source of pollutants (Ibekwe et al., 2012) or 
geological distributions (Cao et al., 2011; Hong et al., 2011). Canonical 
correspondence analysis (CCA) is another ordination method which can help to 
explain the variations of community structure patterns in wastewater by revealing the 
potential correlations between microbial communities or specific groups of microbes 
with environmental variables. Although multivariate analysis is a powerful tool to 
elucidate the correlation between microbial community and the environmental factors, 
extra caution should be taken when interpreting the results and over-interpretation 
should be avoided because the synthetic variables, axes or clusters derived do not 




  Bioindicator for Environmental Monitoring 
 
The environmental quality of water, soil and air is increasingly degraded due to the 
presence of various types of pollution. Therefore, we need to raise the prevention of 
pollution by monitoring environmental quality. Biological methods were commonly 
used to monitor the environmental quality by assessing the presence of several species, 
such as plants, insects, fish, bacteria and viruses as environmental indicators. 
 
Bioindicators are organisms or a species or a group of species, whose function and/or 
population status can be used to monitor the status of health of the environment in 
which they live. Changes in the population status, behaviour and physiology of such 
organisms could be used to predict the occurrence of an environmental problem within 
a given ecosystem. Bioindicators provide an adequate information that would be 
difficult to obtain and quantify by other means, or at least not as easily or quickly 
(Hopkin, 1990; Lindenmayer et al., 2000). Species are identified as bioindicators when 
their abundance and population fluctuation clearly vary in response to any 
environmental change in a particular habitat (Mouillot et al., 2002). 
Indicator species can be categorised into early warning, diagnostic and compliance. 
Early warning indicators can reveal the first signs of disturbance in the environment 
before most other species are affected. Diagnostic indicators are those used to 
investigate observed environmental disturbances. Compliance indicators are those 
species, which are used to verify maintenance or either restoration goals have been 
achieved (Noss, 1990). Bioindicators are habitat specific and react immediately in 




hence it is impossible for such species to resist environmental changes (Celli and 
Maccagnani, 2003).  
 
The reliability of bioindicators with their habitat could be assessed by sampling in 
different weather conditions or seasons. It is the specific assemblage of organisms and 
their environment that makes certain organisms’ as a preferable bioindicators 
(McGeoch et al., 2002, Celli and Maccagnani, 2003). Species that cannot normally 
live outside forests, grasslands or cultivated lands, those responding to a particular soil 
management practice and those supported by water logging are examples of 
bioindicators (Hopkin, 1990; Paoletti, 1999). Therefore, by using bioindicators, it is 
possible to assess areas of biochemical contamination; impacts monocultures, 
disposal, industrial and urban settlements and areas neighbouring to power plants.  
 
2.5.1 Microbial Indicators for Environmental Monitoring 
 
Microbial indicators have major roles in the agro-ecological management of soil and 
for application of nutritional improvements. They are considered as efficient 
ecosystem management tools (Díaz, 2009). Microorganisms present in effluent 
treatment plants are also known to be responsible in improving the water quality. In 
addition, different hazardous waste disposal sites could be monitored using target 
microorganisms. For example, bioluminescent bacteria have been employed to assess 
the toxicity of heavy metals in aquatic habitats. Bioluminescent bacteria, which emit 
light as a result of enzymatic mediated chemical reactions involving phosphorus 




toxins are present in the water, the cellular metabolism of the bacteria is inhibited or 
disrupted. This affects the quality or amount of light emitted by the bacteria. 
 
Moreover, microorganisms can also be used as indicators of aquatic or terrestrial 
ecosystem health. For instance, Cynobacteria in the Ethiopian Lake Beseka are 
dominantly found throughout the dry period and their abundance is associated with 
excess nutrient loads, particularly phosphate, and the relatively high temperature that 
favours their growth in that area (Zelalem, 2007). Some microorganisms can even 
produce stress proteins when exposed to contaminants like cadmium and benzene, 
hence could be used as an early warning system to detect low levels of pollution. 
 
The monitoring of environmental quality based on bacterial indicator has been widely 
used to indicate the source of pollution in the water bodies as shown in Table 2.8. The 
criteria of a species to be indicator are: 1) it must be in the polluted water when 
polluting sources of pathogenic microorganisms were found, 2) not reproduced within 
the environment, 3) must be found in a larger number than the pathogenic 
microorganism, 4) must respond to natural environment conditions and water 
treatment process in the same manner with particular pathogen species, 5) it should be 
easy to be isolated, identified and counted, 6) must be low cost to allow numerous 
sampling, and 7) not turn into pathogenic microorganisms (to minimise health risks in 






Table 2.8 Potential bacterial indicators to indicate different types and 
sources of contamination in the water bodies. 
 
Pollution Site Bioindicator Reference 
























Xiaoqing River in 
Shandong 




Sun et al. 
(2016) 
High level nutrient 






Jia et al. 
(2017) 
Bisphenol A (BPA) 
and 4-nonylphenol 
(NP)  





































Other than that, the bioindicators are potentially useful tools in assessing sustainable 
forest management (Paoletti, 1999; Kotwal et al., 2008). Bioindicators are slightly 
different from key indicators, even though both are useful in deducing information 
about the environment. Bioindicators tell us information about the environment 
through their population or particular response to changes in the ecosystem, while key 
indicator species are those species which are essential to the ecosystem and if such 
species are affected, the whole ecosystem will perish. There are evidences that the 
richness of certain taxonomic groups is an indication of overall species richness in the 
area and by measuring the relative abundance of the indicator species, it is possible to 
assess the overall biodiversity (Hess et al., 2006). In the most rapidly changing habitat 
types, indicator species could be monitored to determine whether population trends 
match variations in landscape composition and patterns. Hence, indicator species can 
be used as a conservation tool to identify biodiversity hot spots, if spatial patterns of 
species richness agree across taxa (Betts et al., 2003; Hess et al., 2006, Dalmir and 






2.5.2 Advantages and Disadvantages of Bioindicators 
 
Bioindicators are important in environmental monitoring because of various reasons. 
The effect of pollutants on indicator species is clearly recognised and its application is 
relatively cost effective (Spiegel, 2002). Besides, bioindicator-based studies usually 
need simple techniques, which can be easily repeated by different individuals from 
time to time. The method is feasible in different ecosystems and it is also suitable in 
assessing large areas (Paoletti, 1999). Indicator species are also important in 
monitoring the environment because they are easier to interpret and less ambiguous 
than directly sampling and assessing all plant and animal communities found in a given 
ecosystem (Dale and Beyeler, 2001). 
 
Regardless of their advantages, the application of bioindicators in environmental 
monitoring has its own limitations. Indicator species should be present at the given 
locality with sufficient number of individuals, they have to be wide-spread in the 
locality under investigation and the physiological processes of uptake and retention of 
toxic substances or environmental contaminants by the bioindicators should be well 
known (MeGeoch et al., 2002; Mouillot et al., 2002). 
 
The goal of POME treatment is to reduce the polluting power of this wastewater below 
the effluent discharge standard before being released into the environment, but 
different biotreatment processes have been employed in the different palm oil mills. In 
addition, the palm oil waste generated by each palm oil mill was based on the amount 




different generations of biomass and biogas depending on the FFB processing 
capacities of the palm oil mills. Hence, it remains unclear how these different 
biotreatment processes and capacities could affect the result of the previous study 
which determined that Alcaligenaceae and Chromatiaceae were the bioindicators. 
Since the bacteria are highly sensitive to disturbances and could react differently 
depending on the properties of pollutants, environmental factors and treatment 
processes, it is important to assess the practical relevance of the bioindicator for 
monitoring the river water quality. In this study, the presence of Alcaligenaceae and 
Chromatiaceae in the POME final discharge generated by different biotreatment 
processes of POME was assessed in correlation to the changes of pollutant properties, 
hence reliable bioindicators could be developed. 
 
 Concluding Remarks 
 
The increase generation of POME is an environmental concern due to its highly 
polluting properties which may cause river water pollution if it is not being properly 
managed. In order to evaluate the river water quality, the bioindicator assessment has 
been proposed by several studies which is considered more accurate and reliable as 
compared to the current physicochemical characterisation of the polluted river water. 
In addition, as the river water could be contaminated by several types of pollutants, 
the use of bioindicator would be useful in determining the actual source of 
contamination in the affected water bodies, in this case due to POME final discharge. 
Moreover, the limited knowledge about the shift of bacterial populations in relation to 




monitoring process and the understanding of the severity level of pollution caused by 
POME. With the emergence of molecular fingerprinting and advanced high-
throughput sequencing, the study on the bacterial compositions and functions which 
could not be conducted previously due to the limitation in conventional methods can 
now be actively carried out. As bacterial community are highly dynamics and capable 
of reflecting the consequences of ecosystem stress, the information on the shift of 
bacterial community may serves as a foundation to identify the potential bioindicators 
to indicate the contamination caused by POME final discharge, hence could be applied 






GENERAL MATERIALS AND METHODS 
 
 Analyses of Physicochemical Characteristics 
 
The parameters for the characterization of the physicochemical properties were 
selected based on the parameters required in the calculation of Water Quality Index 
(WQI) by the Department of Environment (DOE) of Malaysia. The parameters 
assessed for this study included pH value, temperature, the concentrations of 
biochemical oxygen demand (BOD5) and chemical oxygen demand (COD). 
 
3.1.1 pH and Temperature 
 
The sensitive parameters such as pH and temperature were determined in situ. The pH 
meter was calibrated prior to sampling by immersing the electrode in buffer with a pH 
value within the range of the samples. Triplicate samples were collected to estimate 
variability resulting from the sampling and analytical procedures. The samples were 
agitated to provide homogeneity and the bulb was dipped in the sample prior to the pH 






3.1.2 Biochemical Oxygen Demand Concentration 
 
The principle of BOD5 involves measuring the difference of the oxygen concentration 
in the sample before and after incubation for five days at 20°C. The BOD5  test was 
conducted according to the procedure in Standard Method APHA 5210-B (APHA, 
2002). Dilution water was prepared in a glass container by bubbling the distilled water 
with clean compressed air for more than 30 mins to allow the water to become 
saturated with dissolved oxygen (DO) with a value approximately 8 mg/L at room 
temperature. For every 1 L of bubbling distilled water, 1 mL each of phosphate buffer, 
magnesium sulphate, calcium chloride and ferric chloride solution was added and the 
contents were mixed thoroughly. The samples were inserted into three sets of 300 mL 
BOD bottles and the bottles were filled with distilled water that has been mixed with 
nutrients. Similarly, a blank was prepared by taking three sets of 300 mL BOD bottles 
and filled with distilled water. All samples and blank were incubated in BOD Incubator 
Compact Model 205 (HACH, USA) at 20°C for five days. Prior to incubation, DO 
content was determined for the blank and the samples using DO meter (YSI 5100, 
Ohio USA). The formula used to determine the BOD concentration as follows: 
 
 Equation 3.1: 
   P  = Vs / (Vs + Vdw) 
 
 Equation 3.2: 
   BOD  = (DO1 - DO5) / P 
   Where: 
    Vs = Volume of sample 
    Vdw = Volume of dilution water 
    BOD = Biochemical oxygen demand 
    DO1 = Dissolved oxygen on the first day 
    DO5 = Dissolved oxygen on the fifth day 




3.1.3 Chemical Oxygen Demand Concentration 
 
The COD concentration was determined according to the standard method (APHA, 
2002). A 2 mL sample was added into the COD digestion reagent vial supplied by 
HACH Company (HACH, USA). For a blank, 2 mL distilled water was used instead 
of the sample. Then, the samples and blank were refluxed in COD reactor at 150°C for 
two hours. Each vial was inverted several times while it is still warm and the vials 
were placed in a test tube rack to cool down to room temperature prior to measurement 
using DR 2800TM portable spectrophotometer (HACH, USA). 
 
 Genomic DNA Extraction of Palm Oil Mill Effluent Final Discharge 
 
The final discharge samples (1 L) were filtered through a 0.45 μm pore-sized filter 
membrane (cellulose nitrate membrane filters, 47 mm, Whatman) prior to the DNA 
extraction process. The DNA extraction of the samples was conducted by filtering the 
samples with Sterivex™ filter units (Millipore, Germany), and both ends of the filter 
unit were secured with the inlet and outlet caps. Prior to genomic DNA extraction, 
Sterivex™ filters (Merck Millipore, German) were eliminated any remaining liquid in 
the filter housing by syringe.  
 
Total DNA was extracted from the Sterivex™ filters using PowerWater® Sterivex™ 
DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, USA) as described by Rajala 
et al. (2015). The inlet cap was removed and 0.9 mL of solution ST1B was added into 




mL of ST2 solution which contained a strong lysing reagent was added into the filter 
unit prior to the incubation process at 90°C for 5 min, followed by vortexing at 
maximum speed for 5 min. After vortexing, the lysate containing both intact and lysed 
bacteria was removed from the Sterivex™ filter unit using a sterile syringe. Then, the 
lysate was added into a tube containing glass beads and vortexed at maximum speed 
for 5 min which will cause the collision between the beads and the bacterial cells and 
subsequently causing the cells to break open. The supernatant was then separated from 
the sample debris and beads before mixing with inhibitor removal solution to remove 
additional non-DNA organic and inorganic materials. The lysate was then passed 
through the binding column tube to allow the DNA to selectively bind to silica filter 
membrane in the binding column basket while contaminants passed through the silica 
membrane. Upon completing the washing steps, a sterile elution buffer of 50 μL was 
added to the center of the filter membrane, followed by incubation at room temperature 
prior to centrifugation at 13,000 g for 1 min at room temperature to collect the DNA. 
The quantity and quality of the extracted DNA were determined using NanoDrop 2000 
UV-Vis Spectrophotometer and agarose electrophoresis, respectively (Phan et al., 






 Analysis of Bacterial Community by PCR-Denaturing Gradient Gel 
Electrophoresis  
 
Denaturing gradient gel electrophoresis (DGGE) is one of the most frequently used 
methods for molecular fingerprinting and has been widely applied in different areas of 
research. This technique is based on the separation of the same length of the 
polymerase chain reaction (PCR)-amplified fragments of genes coding for 16S rRNA 
under denaturing gradient gel condition (Muyzer et al., 1993).  
 
3.3.1 Polymerase Chain Reaction Amplification of 16S rRNA Gene  
 
The 16S rRNA gene was amplified using a set of primers, 357F with GC clamp (40 
nucleotides GC-rich sequence); 5‘-CCT ACG GGA GGC AGC AG-3‘ and 518R; 5‘-
ATT ACC GCG GCT GCT GG-3‘. The PCR procedures were performed according 
to Zainudin et al. (2014). The PCR reaction mixture and conditions were set as follows: 
The reaction mixture consisted of 50 μL of total volume containing 1.0 μL of 0.5 ng/µL 
extracted DNA as a template, 25 μL of Premix Taq DNA (Takara Bio. Inc., Japan), 19 
μL of sterilized deionized water and 2 μL of each primer (10 μM). The PCR reaction 
was performed using PCR Thermal Cycler (Takara, Japan) with an initial denaturation 
temperature at 94°C for 3 min, followed by 30 cycles of denaturation at 94°C for 1 
min, annealing at 52°C for 1 min and extension at 72°C for 1 min. The final extension 
was performed at 72°C for 10 min to prevent the formation of artificial double bands 
in DGGE analysis. The PCR products were analysed to confirm the size of 161 bp 




3.3.2 PCR Purification 
 
The PCR product of 50 µL was purified using NucleoSpin® Gel and PCR Clean-up 
Kit (Macherey-Nagel, Duren, Germany) according to manufacturer’s instruction. The 
DNA concentration of each purified PCR product was first measured by using 
NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, USA) prior to 
preparation for DGGE with a standardised concentration. 
 
3.3.3 Denaturing Gradient Gel Electrophoresis 
 
DGGE analysis was performed using DCode System for DGGE (Bio-Rad 
Laboratories, USA). The DGGE apparatus and glass plate were sterilized using 
deionized water and absolute ethanol for disinfection process. After assembling the 
glass plates, a plug of 0% denaturant gradient was prepared and pipetted into the gap 
between the glass plates. Later, the DGGE gel was prepared with 30% to 65% 
denaturant gradient as shown in Appendix A and allowed to polymerise for 45 mins. 
The purified PCR product with a total concentration of 600 ng was loaded onto each 
of the individual lane of 1.5-mm-thick vertical denaturing gel. The DGGE analysis 
was performed at a constant voltage of 200 V  in 1× TAE buffer at 60°C (Rajhi et al., 
2016). After running the electrophoresis for 5 hours, the gel was stained with 
GelRedTM nucleic acid stain (Biotium, USA) for approximately 30 mins (Zhou and 
Wu, 2012). DGGE profiles were documented with Molecular Imager® Gel DocTM XR 





3.3.4 Analysis of PCR-DGGE Gel Images  
 
The DGGE images were converted, normalized and analysed with the software 
package GelCompar II version 5.1 (Applied Maths, Sint-Martens-Latem, Belgium) 
according to the provider’s instructions. To extrapolate the meaningful data from the 
DGGE analysis gel profiles, cluster analysis was performed using the Pearson 
correlation coefficient to determine the distance matrices and Unweighted Pair Group 




For sequencing purpose, predominant DGGE bands were excised from DGGE gel 
followed by amplification and purification before sent to First BASE Laboratories Sdn. 
Bhd. (Malaysia). To confirm the amplicons with the same gradient and similarity were 
excised, DGGE was done for at least two times until a single band was obtained. The 
closest known relatives were determined by the homology searches for the 16S rRNA 
gene sequence obtained which was performed with Sequence Match provided by the 
Ribosomal Database Project II (RDPII).  
 
 Metagenomic Analysis using Illumina MiSeq Sequencing Platform 
 
Metagenomic studies are commonly performed by analysing the prokaryotic 16S 
rRNA gene. The amplification of 16S rRNA regions with the generation of 




coverage of microbial community (Połka et al., 2014). In this study, Illumina MiSeq 
sequencing platform was applied to analyse the bacterial community composition and 
diversity in in different POME final discharges produced from different palm oil mills, 
as well as each stage of full-scale POME treatment systems. 
     
3.4.1 16S rRNA Gene Amplification and Illumina MiSeq Sequencing 
 
The extracted DNA samples were amplified with a set of primers targeting the 
hypervariable V4-V5 region of the 16S rRNA gene. The forward primer was 515F (5′-
GTGCCAGCMGCCGCGG-3′) and the reverse primer was 907R (5′-
CCGTCAATTCMTTTRAGTTT-3′). The thermos cycling steps were set as follows: 
an initial denaturation at 94°C for 3 min followed by 94°C for 45 s, 50°C for 60 s and 
72°C for 90 s of 35 cycles, and a final extension at 72°C for 10 min. The PCR products 
were purified using the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA) 
according to the manufacturer’s instructions. The purified amplicons were determined 
by using the Qubit dsDNA HS Assay Kit (Life Technologies, Oregon, USA). The 
amplicons were processed using the Nextera XT DNA Library Preparation Kit 
according to the Illumina’s protocol (Illumina, San Diego, CA). The amplicons were 
sequenced using the Illumina MiSeq (V2 MiSeq reagent cartridge with 2×250 bp 
paired-end). The data obtained were demultiplexed and the reads were then classified 





3.4.2 Bioinformatics Analysis of High-throughput Sequencing Data 
 
Sequences of bacterial and archaeal 16S rRNA gene amplicons were filtered for 
quality, trimmed and processed using the Quantitative Insights Into Microbial Ecology 
(QIIME) v1.3.0 pipeline (Caporaso et al., 2010) with default settings by using the 
server provided by Malaysia Genome Institute (MGI), Malaysia. The demultiplexed 
sequences data in fasta.gz format was uploaded into the server and simplified into fastq 
format prior to pre-process steps to check for the sequence quality. The sequences were 
then trimmed using Dynamic Trim tool to remove low quality sequence (quality score 
<20) and any read containing ambiguous bases. Subsequently, the trimmed sequences 
were assembled using Paired-end Assembler for Illumina sequences (PANDAseq) tool 
to pair the forward and reverse sequences. 
 
A mapping file which contained the information of each sample necessary for the 
subsequent data analyses was constructed and validated. In the following task, the 
assembled sequences underwent quality filtering and were linked to the sample ID 
stated in the mapping file in the previous step. The high-quality reads were clustered 
into operational taxonomic units (OTUs) using de novo OTU picking pipeline with 






3.4.3 Taxonomy and Relative Abundance of Bacteria and Archaea 
 
Taxonomic assignment of OTUs can be performed using a variety of algorithm. The 
QIIME software supports with algorithm that was used for taxonomic identification of 
the OTU and phylogenetic alignment. By default, UCLUST consensus taxonomy 
classifier v1.2.22q was used to classify each representative sequence before querying 
the Greengenes database v 13.8 using PyNAST program (Caporaso et al., 2010; 
DeSantis et al., 2006) to search for the closest match to an OTU from which a 
taxonomic lineage is inferred. By default, QIIME filtered the sequence alignment to 
remove columns comprised of only gaps and locations known to be excessively 
variable by using 16S alignment mask. Subsequently, the filtered alignment was used 
to generate the OTU table which was used to construct the taxonomy plot for analysis 
of taxonomy and relative abundance of bacteria and archaea.  
 
The resulting biom-files were imported and analysed in Microsoft Excel spreadsheet 
with pivot tables. The pivot tables were further analysed to create heatmap using the 
relative abundance of each genus compared to its respective relative abundance in the 
other samples (Madsen et al., 2015). The colours on the heatmap represent the relative 
abundance of each taxon compared to the abundance of the same taxon in the 
remaining samples. For each row, the rule applied identified the highest (dark red) and 





3.4.4 Diversity Analyses 
 
The core diversity analyses including the rarefaction curve, the alpha-diversity indices 
(i.e., Chao 1 and observed species) and beta-diversity indices (pair-wise sample 
dissimilarity) were calculated using QIIME software, based on the 0.90- and 0.97-
OTU tables and their corresponding phylogenetic tree. The dissimilarity (or distances) 
between bacterial communities in different samples was computed using both the 
weighted and unweighted UniFrac metrics. A three-dimensional principal component 
analyses (3D-PCA) plot was used to visualize the pairwise UniFrac distances among 
samples. 
 
 Statistical Analyses 
 
The analysis of physicochemical characterization were performed in triplicate. The 
UNIVARIATE procedure of SAS version 9.2 was used to describe the distribution of 
data. The analysis of variance was applied to evaluate the significance of results, and 
p<0.05 considered to be statistically significant. The statistical analysis was performed 
using Microsoft Excel spreadsheet. The repeated measurement ANOVA was also 
conducted to test the significant difference of total cell concentration in different 






BACTERIAL DIVERSITY ASSESSMENT IN PALM OIL MILL EFFLUENT 
FINAL DISCHARGE TREATED BY DIFFERENT BIOTREATMENT 




Palm oil production is one of the major industries in Malaysia which makes a 
significant contribution to the national economy. However, concurrent with the high 
production of crude palm oil, an enormous volume of palm oil mill effluent (POME) 
is being generated every year (Bala et al., 2015). The most common practice of palm 
oil mills is discharging the treated and partially treated POME into the nearby river 
water. This practice has led to unfavourable impacts, not only to the industry, but also 
to the people and the environment (Rupani et al., 2010). POME is known as a high 
strength agro-industrial wastewater that contains large amount of organic matter which 
eventually increases both the biochemical oxygen demand (BOD) and the chemical 
oxygen demand (COD) (Bala et al., 2015). The anaerobic digestion applied for the 
treatment of POME could increase the rate of biodegradation (Poh and Chong, 2009), 
in addition to the conventional POME treatment using the ponding system. However, 
if the system is not managed efficiently, the discharge of treated or partially treated 






Currently, the quality of the impacted river water was assessed by using the 
physicochemical characterisation. However, the current assessment is considered 
inaccurate as the affected river water may have other anthropogenic sources such as 
from residential areas and agricultural practices. Therefore, it is crucial to have a 
reliable indicator for monitoring the specific cause of pollution in the effluent receiving 
river water. The previous case study was carried out to determine the potential 
bioindicators that could be used to indicate the contamination of river water by POME 
final discharge. Alcaligenaceae and Chromatiaceae which were present in the effluent 
receiving river water but not in the upstream part were reported to have originated 
from the POME final discharge, hence were proposed as bioindicators to indicate the 
river water contamination due to POME (Sharuddin et al., 2017).  
 
 Materials and Methods 
 
4.2.1 Location of Study Area 
 
The POME final discharges were collected from four different typical palm oil mills 
in Peninsular Malaysia which had different capacities to process fresh fruit bunch 
(FFB) and the treatment of POME (Table 4.1). These palm oil mills were selected 
randomly, and their locations are provided in Figure 4.1. Each palm oil mill adopted 






Table 4.1 Capacity of FFB, anaerobic retention time and total retention time 
of POME for the treatments A, B, C, and D (A: FELDA Pasoh Palm 
Oil Mill, B: FELDA Trolak Palm Oil Mill, C: FELDA Sungai Tengi 
Palm Oil Mill, D: FELDA Besout Palm Oil Mill). 
 
Characteristics A  B C D 
Capacity (tonnes of 
FFB/hour) 
40 30 54 54 
Anaerobic retention 
time (days) 
40 45 40 45 
Total retention time of 
POME (days) 
61 100 142 82 
 
 
Figure 4.1 Locations of four selected typical palm oil mills in Peninsular 
Malaysia. The GPS coordinates of the palm oil mills are provided 
as follow: FELDA Pasoh Palm Oil Mill; 3°0'52"N 102°18'12"E, 
FELDA Trolak Palm Oil Mill; 3°56'16"N 101°21'02"E, FELDA 
Sungai Tengi Palm Oil Mill; 3°35'07"N 101°24'56"E, FELDA 

















Figure 4.2 Process flow schematics of the different stages of full-scale treatment of POME in four typical palm oil mills. Different 
anaerobic digestion processes were applied either using open and closed reactors (A), closed reactor (B), closed ponds (C) 
or open and closed ponds (D). The facultative anaerobic (facultative pond) and the aerobic (algae pond) processes were also 
different with B and C adopting one series of ponding system, while A and D adopted two and three series of ponding system, 
respectively. All POME treatment systems except C adopted biopolishing as their tertiary treatment.
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4.2.2 Sample Collection 
 
The POME final discharge was collected in the sterilized plastic bottle containers from 
the final release point of POME treatment at the selected palm oil mills. The samples 
were kept in an ice box during transportation which took approximately 2–4 hours to 
avoid any biological or chemical reactions in the samples (Standard Method 9060 B). 
The samples were processed immediately for the physicochemical and nutrient 
analyses. Meanwhile, for the analysis of the bacterial community, each sample of 
POME final discharge was passed through the Sterivex™ (Merck Millipore, Germany) 
membrane filter cartridges (pore size 0.22 μm, diameter 1.7 cm, Millipore, Germany) 
until the filter clogged (or maximum sample volume of 3 L was filtered). Both ends of 
the filter unit were secured with the inlet and outlet caps. The volume of filtered water 
was recorded and Sterivex™ units were immediately kept in sterile zip lock bags and 
stored at -20°C prior to DNA extraction. 
 
4.2.3 Physicochemical Characterisation 
 
The colour analysis was carried out by following platinum-cobalt (PtCo) standard 
method 8025 and the colour was detected at a wavelength of 455 nm using method 
8000). HACH spectrophotometer (DR 2800, Loveland, CO) by placing 10 mL of 
sample in a specially designed square quartz sample cell (APHA, 2002). The other 
parameters for the physicochemical characterisation were chosen based on the 
parameters required in the calculation of Water Quality Index (WQI) by the 




study were pH, temperature, BOD5 and COD. The pH and temperature values were 
recorded in situ using the portable meter (Section 3.1.1). Meanwhile, the concentration 
of BOD5 was measured according to the procedure in Standard Method APHA 5210-
B (APHA, 2002) (Section 3.1.2) and the concentration of COD was measured by using 
reactor digestion method (HACH method 8000) (Section 3.1.3).  
 
4.2.4 Nutrient Composition Analysis 
 
The sample with the volume of 50 mL was filtered through a 0.45 μm pore-sized filter 
membrane (cellulose nitrate membrane filters, 47 mm, Whatman) prior to the nutrient 
analysis. The compositions of nutrients (phosphorus, ammonium, nitrogen, nitrate and 
potassium) in the POME final discharge were analysed using Inductive Coupled 
Plasma-Atomic Emission Spectroscopy (ICP-AES) at ESPEK Research and Advisory 
Services, Kajang, Selangor, Malaysia.  
 
4.2.5 Genomic DNA Extraction of Palm Oil Mill Effluent Final Discharge 
 
Total genomic DNA was used to analyse bacterial community in the POME final 
discharge from the selected palm oil mills. The details of the method used were 






4.2.6 Bacterial Community Analysis by PCR-Denaturing Gradient Gel 
Electrophoresis 
 
PCR-DGGE analysis for bacterial community in the final discharge samples was 
performed following to the methods as stated in Section 3.3.   
 
4.2.7 High-throughput Illumina MiSeq Sequencing and Bioinformatic Analysis 
 
A thorough analysis of bacterial community in the different POME final discharge 
samples using Illumina MiSeq platform was done following the method as described 
in Section 3.4. 
 
4.2.8 Principal Coordinate Analysis  
 
Principal coordinate analysis (PCO) (Gower, 1966) was performed on PAST software 
(Hammer et al., 2001) to correlate the abundance of different bacterial genera to 
different physicochemical properties of the samples. The PCO was done to graphically 
illustrate the relationships between bacterial taxa within the phylum Proteobacteria, 
physicochemical characteristics (BOD5 and COD) and nutrients compositions 
(phosphorus, ammonium, nitrogen, nitrate and potassium) of POME final discharges 
obtained from four different palm oil mills. Data points were clustered using 






4.3 Results and Discussion  
 
4.3.1 Physicochemical Characteristics of Palm Oil Mill Effluent Final Discharge 
 
The assessment of the physicochemical properties of POME final discharge is very 
crucial to safeguard public health and the environment because large quantities of 




The colour of POME final discharge is often objected by the public on the assumption 
that colour is a sign of pollution. The colour of POME final discharge from each palm 
oil mill was observed in this study (Table 4.2). The highest colour concentration of 
POME final discharge (2109 PtCO/L) was recorded from FELDA Trolak Palm Oil 
Mill, followed by FELDA Besout Palm Oil Mill (1304.73 PtCO/L) which is more 
brownish. Colour in POME final discharge influenced by suspended and dissolved 
particles. Dissolved organic matter, such as humus, peat or decaying plant matter can 






Table 4.2 The physicochemical characteristics of POME final discharge obtained from four different typical palm oil mills (A: FELDA 
Pasoh Palm Oil Mill, B: FELDA Trolak Palm Oil Mill, C: FELDA Sungai Tengi Palm Oil Mill, D: FELDA Besout Palm Oil 
Mill). 
 











Colour (PtCo/L) 584.77 ± 7.85 2109.83 ± 0.15 650.80 ± 5.80 1304.73 ± 4.88 
Temperature 33.23 ± 0.15 32. 20 ± 0.30 33.17 ± 0.35 31. 23 ± 0.31 





According to Mohammed and Chong (2014), concentrations of naturally dissolved 
organic acids such as tannins and lignins may also have an effect by giving water a tea 
colour. Tannins that are yellow to black are the most abundant kind found in POME 
and can have a great influence on its colour, as well as a musty smell. The brown 
colouring comes from tannins leaching into run-off water from the manufacturing 
process of palm oil (Clean Water Team, 2013) .The dark brown colour of POME 
consisted of many organic compounds such as anthrocyanin and carotene pigment that 
was extracted from fresh fruit bunches in the sterilization process (Mohammed et al., 
2014). Moreover, it included polyphenol compounds, lignin, tannin, polyalcohol, 
humic acid, melanoidin and other organic matters which are recalcitrant to the 
conventional treatments (Mohammed, 2013; Zainal et al., 2017). The change of colour 
of POME is caused by decomposition of lignocellulosic materials (Tan et al., 2014) 
where it has to decrease to 500 ADMI (American Dye Manufacturers Institutes) for 
compliance (Bello and Abdul Raman, 2017). Besides aesthetic problem, colour also 
affects sunlight penetration and limits potential wastewater reuse.  
 
4.3.1.2 pH and Temperature 
 
The temperature and pH value of the samples were measured in this study (Table 4.2) 
as one of the efforts to determine the properties of the POME final discharges. 
Temperature is one of the important assessments of water quality because it influences 
the types of aquatic life present in the water bodies and regulates the maximum 
dissolved oxygen concentration of the water. While the pH value is a measure of the 
acid strength in the water. Generally, both properties affected most physical, biological 





It is shown that the average temperature for the POME final discharges from four 
different typical palm oil mills were comparable and within the range of ambient 
temperature. Meanwhile, the average pH value recorded for all samples ranging from 
7.81 ± 0.04 to 8.23 ± 0.02 indicated that the POME final discharges had the properties 
of an alkaline pH. In the anaerobic digestion process during the treatment of POME, 
the acidic bacteria convert the organic components of the raw POME into volatile fatty 
acids which contribute to the low pH of POME (Rupani et al., 2010). However, as the 
volatile fatty acids were used as a substrate in an anaerobic phase, the pH value of 
POME at the later stage of treatment was increased. 
 
As the POME final discharge is introduced into the nearby river water, it is important 
to compare its physicochemical properties with the standard provided by Malaysia 
Environmental Quality Report (EQR, 2006). In this study, the pH and temperature 
recorded in the POME final discharge showed acceptable values whereby the standard 
temperature should be in the range of ± 2ºC from the normal ambient temperature, 
while pH value should be ranging from 6.5 to 8.5. 
 
4.3.1.3 Biochemical and Chemical Oxygen Demand 
 
Figure 4.3 shows the average concentrations of BOD5 and COD for all the POME 
final discharge. The Department of Environment (DOE) of Malaysia has set that the 
standard five-day BOD as one of the basic and most important parameters measured 
to indicate the strength of pollutants in terms of oxygen required to stabilize domestic 




mills are unable to achieve the discharge limits set by the DOE of Malaysia even after 
the treatment using aerobic ponding system (Ahmad and Hameed, 2009; Bhatia et al., 
2007). The discharged effluents from the palm oil mills often do not fulfil the 
regulatory discharge limits which may be also due to several other factors such as the 
varieties in different batches of FFB, processing techniques, age or type of fruits and 
also the climate (Wu et al., 2010). The introduction of the POME final discharge with 
significant concentration of BOD5 was reported to change the microbial ecology in the 
POME-receiving river water (Sharuddin et al., 2018).    
 
Figure 4.3 The concentrations of BOD5 and COD of the POME final 
discharges obtained from four different palm oil mills with y-axis 
on a log scale (A: FELDA Pasoh Palm Oil Mill, B: FELDA Trolak 
Palm Oil Mill, C: FELDA Sungai Tengi Palm Oil Mill, D: FELDA 
Besout Palm Oil Mill). One-way ANOVA, t-test was performed and 
demonstrated a significant difference of the concentrations of 
BOD5 and COD between different POME final discharges at a 


























The COD concentrations for all the POME final discharges were also recorded as 
shown in Figure 4.3. COD concentrations are typically higher than BOD5 and the ratio 
between them will vary depending on the characteristics of the wastewater. Higher 
concentrations of COD were recorded in sample B and D, mainly due to the 
management of POME in the respective palm oil mills including desludging. The 
desludging process was carried out annually in sample A and C, hence recorded lower 
COD concentrations. High concentration of COD is commonly associated with POME 
(Khemkhao et al., 2012) which may indicate the presence of recalcitrant chemicals 
that could not be degraded biologically. The bioaccumulation of these compounds may 
give rise to environmental problems (Kanu and Achie, 2011).The ratio of BOD/COD 
has been commonly used as an indicator for biodegradation capacity (Zaher and 
Hammam, 2014).  
 
4.3.1.4 Nutrient Composition 
 
In this study, nutrient contents which were nitrogen, nitrate, ammonium, phosphorus 
and potassium present in the POME final discharge obtained from four different palm 
oil mills were analyzed as shown in Table 4.3. Generally, the raw POME contains 
high concentrations of organic nitrogen and phosphorus (Hadiyanto et al. 2013) which 
may cause severe pollution to the aquatic environments if it is being directly discharge 
into the water bodies. Inappropriate handling and discharging of the improperly treated 
POME to waterways can also contribute to eutrophication or disruption to the 
industrial water reuse applications. In this study, the overall nutrient composition was 
recorded below 2% which indicate that nutrient removal was occurred during the 




reported to contain high amounts of nutrients (Liew et al. 2015; Baharuddin et al. 
2009), the nitrogen, nitrate, ammonium, phosphorus and potassium were reported in 
low percentage in the POME final discharge (Table 4.3), perhaps due to efficient 
biotreatment processes in reducing the polluting strengths of POME. There are many 
factors affecting the nutrient removal performance of the POME treatment system such 
as the capacity of treatment facility, pollutant loading, treatment mode, age of mill, 
characteristics of POME, etc. (Loan et al. 2015). 
 
Table 4.3 Percentage composition of nutrients in the different POME final 
discharges obtained from four different typical palm oil mills (A: 
FELDA Pasoh Palm Oil Mill, B: FELDA Trolak Palm Oil Mill, C: 












Nitrogen 1.89 ± 0.02 0.84 ± 0.03 1.05 ± 0.02 0.27 ± 0.04 
Nitrate 2.04 ± 0.05 1.01 ± 0.02 1.16 ± 0.01 0.27 ± 0.02 
Ammonium 1.26 ± 0.02 0.42 ± 0.03 0.63 ± 0.04 0.25 ± 0.01 
Phosphorus 0.15 ± 0.03 0.15 ± 0.02 0.16 ± 0.03 0.05 ± 0.02 
Potassium  0.12 ± 0.04 0.14 ± 0.02 0.04 ± 0.01 0.22 ± 0.02 
 
 
4.3.2 PCR-DGGE Analysis of Bacterial Community Structure 
 
The structural patterns of the bacterial community provide important clues about the 
underlying mechanisms that structured the ecological communities in the difference 
POME final discharges. However, the dependency on the conventional methods may 




sequencing, especially when it involves a large number of samples. Thus, in this study, 
the molecular analysis of bacterial community structure was conducted using the PCR-
denaturing gradient gel electrophoresis (DGGE) method to unravel the changes in 
community structure and composition in the POME final discharges. Over the last 
decade, a more extensive analysis of bacterial communities using methods based on 
direct PCR amplification and analysis of ribosomal RNA genes have been developed 
(Boon et al., 2002). The analysis of the amplified fragments of 16S rRNA genes by 
DGGE has been successfully used to evaluate the bacterial diversity in environmental 
samples (An et al., 2016; Araya et al., 2003; Zhao et al., 2014).  
 
4.3.2.1 DGGE Band Sequencing Analysis 
 
Prior to DGGE, the amplification of the extracted DNA was done by using a pair of 
16S rRNA universal primer, producing DNA fragment with 161 bp as shown in Figure 
4.4. The DGGE analysis of four different POME final discharges was done (Figure 
4.5) for a rapid detection of bacterial community changes, as well as to analyse the 
distribution and composition of community structures. In general, the sequencing 
analysis of the dominant bands in these samples revealed the presence of at least seven 
different bacterial taxa. The phylogenetic affiliation of the bacterial community 
represented by dominant bands in DGGE profiles (Table 4.4) revealed that the 
bacterial communities were mainly composed of organisms affiliated with 






Figure 4.4  Representative of 16S rRNA region amplified by PCR separated 
on 1.6% agarose gel (M: 100 bp DNA Ladder marker, A: FELDA 
Pasoh Palm Oil Mill, B: FELDA Trolak Palm Oil Mill, C: FELDA 
Sungai Tengi Palm Oil Mill, D: FELDA Besout Palm Oil Mill). 
 
 
Figure 4.5 DGGE fingerprint profile (A) and normalized DGGE image (B) of 
POME final discharges obtained from four different palm oil mills 
(A: FELDA Pasoh Palm Oil Mill, B: FELDA Trolak Palm Oil Mill, 
C: FELDA Sungai Tengi Palm Oil Mill, D: FELDA Besout Palm Oil 
Mill). 
M A B C D
~161 bp
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Table 4.4  Phylogenetic sequence affiliation and similarity to the closest 
relative of amplified 16S rRNA gene sequences excised from DGGE 
gels. (A: FELDA Pasoh Palm Oil Mill, B: FELDA Trolak Palm Oil 
Mill, C: FELDA Sungai Tengi Palm Oil Mill, D: FELDA Besout 






Closest relative Phylum Family 
1 0.930 Macellibacteroides Bacteroidetes Porphyromonadaceae 
2 0.918 Povalibacter Proteobacteria Sinobacteraceae 
3 1.000 Polynucleobacter Proteobacteria Burkholderiaceae 
4 0.904 Prevotella Bacteroidetes Prevotellaceae 
5 0.924 Unclassified Acetothermia - 
6 0.953 Unclassified Proteobacteria - 
7 0.939 Ilumatobacter Actinobacteria Acidimicrobiaceae 
 
Sequences belonging to the Proteobacteria have previously been retrieved from other 
types of wastewater (Remmas et al., 2017). Many of them were related to the 
organisms involved in the pollutant degradation, which suggest the importance of these 
communities for wastewater treatment. The results were in accordance with the 
bacterial community studies in the treated wastewater from urban and industrial 
effluents (Moura et al., 2009) and wastewater treatment systems (Adrados et al., 2014). 
Proteobacteria was also found as the dominant phylum in the different municipal 
wastewater treatment plants (Hu et al., 2012), constructed wetland treatment systems 
(Zhong et al., 2014) and domestic sewage wastewater treatment reactor (Xia et al., 
2010). 
 
Proteobacteria play a central role in the biological processes involved in the removal 
of organic matter and nitrogen in the eco-ditch systems, but the distributions of 
subdivision may differ depending on the ambient environment, its salinity, and 




sequences related to Povalibacter, a member of Sinobacteraceae were reported to 
possess the ability to metabolize polycyclic aromatic hydrocarbons (PAHs) (Nogi et 
al., 2014). While, Polynucleobacter from the family of Burkholderiaceae is known as 
one of the most typical freshwater clusters (Andersson et al., 2008; Araya et al., 2003; 
Cottrell et al., 2005).  
 
Meanwhile, a group of chemoheterotrophic bacteria from Bacteroidetes phylum was 
also detected that known by its ability to degrade complex organic matter. Prevotella 
and Macellibacteroides, members of Bacteroidetes were reported as being a 
fermentative bacteria that capabale to turn the organic matters into volatile fatty acids, 
which were used as electronic donors for biological desulphurization (Salminen and 
Rintala, 2002). Acording to Zhang et al. (2017), in the actual operation of dyeing 
wastewater treatment processes, the bioactivity and quantity of fermentative bacteria 
can be related to the performance of organic pollutant degradation. Therefore, it is 
hypothesised that the Prevotella and Macellibacteroides found in the POME final 
discharge played an important role in the degradation of organic pollutant.    
 
The presence of Actinobacteria was also detected as a dominant band in the POME 
final discharge (Figure 4.5), generally recognized as organotrophic bacteria that able 
to decompose recalcitrant and poorly accessible substrates at later stages of microbial 
succession. In addition, they are possibly involved in the synthesis and decomposition 
of humic substances (Bagatini et al., 2014; Zakharova et al., 2013). For instance, the 
genus Ilumatobacter, a member of Actinobacteria has been recently found in abundant 
during degradation processes of freshwater diatoms (Zakharova et al., 2013) and at the 




This study demonstrates that PCR-DGGE provides a reproducible assessment of 
microbial community structure but could result in a biased quantification of species 
richness and relative species abundance. This method is known to only provide the 
monitoring of dominant bacterial population. Several studies have postulated that each 
member of rich bacterial populations could not be detected by PCR-DGGE and appear 
as a weak band when their concentration is lower than 103 CFU/mL (Lucena-Padrós 
et al., 2015). The high number of the weak bands is also due to the high number of 
bacterial diversity which resulted in a smear bands (Boon et al., 2002).  
 
Nevertheless, despite such limitations, PCR-DGGE is best adapted for generating 
community snapshots in the monitoring and identifying bacterial community shifts in 
response to seasonal changes, bioremediation applications or environmental 
perturbations. Specifically, PCR-DGGE can be applied to screen large number of 
samples to identify a subset of interest for further examination using the high 
throughput sequencing. 
 
4.3.3 High-throughput Sequencing Analysis 
 
The current determination of physicochemical properties in assessing the level of 
pollution is considered inaccurate as the affected river water may have other 
anthropogenic sources such as from residential areas and agricultural practices. 
Therefore, it is crucial to have a reliable indicator for assessing the specific cause of 
pollution in the effluent receiving river water. A study conducted by Shade et al. (2012) 
showed that the compositions of microorganisms and their functions were most 




Therefore, the use of bacteria as an indicator of the presence of pollutants is now 
widely regarded as a potential approach in determining the actual cause of 
contamination in water bodies. The use of a microbial source tracking method in 
identifying fecal contamination was suggested as a complement to the traditionally 
used bacterial indicators and environmental variables (Zhang et al., 2014). 
Furthermore, an assessment of the bacteriological water quality and the monitoring of 
microbial contamination could also serve as biomonitoring standards and hence would 
be beneficial in environmental planning and management (Baghel et al., 2005).  
In the previous study by Sharuddin et al. (2017), Alcaligenaceae and Chromatiaceae 
which were originated from the POME treatment were present in the downstream part 
of the river. Even though the distance between the final release point of POME to the 
river water was about 2 km, these bioindicators were still reported to be present in the 
downstream part of the river. Interestingly, these bioindicators were not detected in the 
upstream part of the river that was unpolluted due to POME final discharge.  
 
Therefore, this study was undertaken to confirm the reliability of the proposed 
potential bioindicators, Alcaligenaceae and Chromatiaceae to specifically indicate 
contamination in river water by POME final discharge. The compositions of the 
bacterial communities in the POME final discharge obtained from four different palm 






4.3.3.1 Taxonomic Relative Abundance of Bacterial Community 
 
The MiSeq analysis of the 16S rRNA marker gene amplicons from the four samples 
produced a total of 299,466 high quality reads and 261,273 observed OTUs. FastQC 
reports generated by the quality check tool in QIIME pipeline revealed that these 
libraries represented the majority of 16S rRNA sequences present in each sample, with 
values ranging from 90% to 99%. A detailed summary of the analyzed sequences is 
presented in Table 4.5. 
 
Table 4.5 Number of raw reads, high-quality reads, OTU and alpha-diversity 
indices measured as Shannon-Weaver index (H') and Evenness (E') 
in the POME final discharge obtained from different palm oil mills 
(A: FELDA Pasoh Palm Oil Mill, B: FELDA Trolak Palm Oil Mill, 
C: FELDA Sungai Tengi Palm Oil Mill, D: FELDA Besout Palm 
Oil Mill). 
 
 A B C D 
Number of raw reads a 132,259 66,563 64,275 87,752 
Number of high-quality reads b 118,100 55,093 56,467 69,806 
Number of OTU c 98,613 37,787 56,364 68,509 
Shannon-Weaver index (H’) d 2.252 2.097 1.331 1.788 
Evenness (E’) e 0.144 0.145 0.059 0.096 
a Image data output from the sequencing machine was transformed by base calling 
into sequence data and stored in fastq format 
b Poor quality sequences were discarded (i.e., sequences of <200 bp with an average 
quality score of <25 and ambiguous characters) 
c Clustered according to the similarity to one another at 97% threshold 
d Calculated as H = ∑(𝑝𝑖 ∗ ln 𝑝𝑖), where pi is the abundance of each species 






The alpha-diversity analyses conducted using H’ and E’ showed different richness and 
evenness of bacterial communities in all the samples. As discussed in a study of Silva 
et al. (2016), microbial communities were stable during the longer sludge retention 
time (SRT) of 60 days, while the community was much more in dynamic composition 
during shorter SRT of 20 days. However, SRT was not the only factor affecting the 
composition and diversity of bacterial community in the POME but may also due to 
the different biotreatment processes. The results obtained in this study were supported 
by Vuono et al. (2015) who similarly stated that the system performance and the 
microbial community of the activated sludge were different based on the operating 
conditions. 
 
In this study, the bacterial community compositions were compared among the four 
different POME final discharges at phyla level (Figure 4.4). Taxonomically, the major 
phylum observed in all samples belonged to Proteobacteria, ranging from 22.09% to 
67.37%, in accordance with the results of PCR-DGGE mentioned earlier whereby 
Proteobacteria was detected as the dominant community in all the samples (Table 
4.4). Becerra-Castro et al. (2016) also documented Proteobacteria as the most 
frequently encountered taxa in the secondary effluent from urban wastewater treatment 
plants comprising up to 50% of the total sequence on average. Proteobacteria was also 
reported as being the most predominant phylum to be found in wastewater, such as 
from coking wastewater treatment plants in the steel industry (Ma et al., 2015), aerobic 
biofilter treating textile effluent (Köchling et al., 2017), the constructed wetland for 






Figure 4.6: Relative abundance of the bacterial phyla (>2%) in the POME final 
discharge obtained from four different palm oil mills. (A: FELDA 
Pasoh Palm Oil Mill, B: FELDA Trolak Palm Oil Mill, C: FELDA 
Sungai Tengi Palm Oil Mill, D: FELDA Besout Palm Oil Mill). BP: 
bacterial phylum, AP: archaeal phylum. 
 
On the other hand, the Bacteroidetes was detected as the second most abundant phylum 
in all the samples ranging from 4.84% to 11.54% which may attribute to its ability in 
degrading the recalcitrant dissolved organic matters (Zhang et al., 2015), hence 
enabling them to inhabit in a wide range of environments. These results are in 
accordance with the bacterial community analysis using PCR-DGGE as described 
earlier in Section 4.3.2 where the Proteobacteria was found as a dominant community, 









































4.3.3.2 Assessment of Reliable Bioindicators 
 
In order to have a thorough evaluation on the bacterial community structure in different 
POME final discharges, a heatmap displaying 22 order level of Proteobacteria with 
an average relative abundance >0.7% was constructed (Figure 4.7). In the previous 
study, Alcaligenaceae and Chromatiaceae were proposed as potential bioindicators 
for the assessment of polluted river water due to POME final discharge. These 
bioindicators were found to be present in the downstream (polluted due to POME final 
discharge) but not in the upstream (unpolluted due to POME final discharge) where 
they were suggested to be originated from the treatment of POME. This was in 
accordance with the study conducted by Guo et al. (2016) which selected the potential 
indicator bacteria based on the increment of that particular community in the river 
water exposed to paper mill effluent. Interestingly, Alcaligenaceae and Chromatiaceae 
from the class beta- and gamma-Proteobacteria, respectively were also being detected 
in all the four final discharges despite them having undergone different processes of 
POME treatment. Hence, it was determined that Chromatiaceae and Alcaligenaceae 





Figure 4.7 Heatmap of the relative abundance of 22 bacterial orders from the 
total Proteobacteria in the POME final discharges obtained from 
different palm oil mills (A: FELDA Pasoh Palm Oil Mill, B: 
FELDA Trolak Palm Oil Mill, C: FELDA Sungai Tengi Palm Oil 
Mill, D: FELDA Besout Palm Oil Mill). 
 
  


































4.3.4 Principle Coordinate Analysis to Correlate Bacterial Community 
Composition with the Pollutant Properties  
 
The PCO was done to correlate the Proteobacteria community, physicochemical 
characteristics and nutrients compositions of the POME final discharge (Figure 4.8). 
The Alcaligenaceae and Chromatiaceae were shown to be positively, strongly 
correlated with the concentration of BOD5. The relative abundance of Alcaligenaceae 
(4.81%) and Chromatiaceae (0.71%) were shown to be highest in FELDA Sungai 
Tengi Palm Oil Mill (C) (Figure 4.7) which were correlated with the highest 
concentration of BOD5 in this palm oil mill (298 ± 31.83 mg/L), as compared to the 
other mills. Hudson et al. (2008) in their study also found the strongest correlation 
between the bacterial community and the amount of biodegradable organic matter 
present in the effluent which was measured as BOD5. However, a weak correlation 
between these bioindicators and the nutrients present in the POME final discharge was 






Figure 4.8 PCO ordinations of phylum Proteobacteria based on relative 
abundance of OTU, physicochemical properties (BOD5 and COD) 
and nutrients compositions (phosphorus, ammonium, nitrogen, 
nitrate and potassium) of POME final discharges obtained from 
four different palm oil mills. Variance explained in each axis is 
given in parentheses. 
 
Alcaligenaceae was known to have potential in degrading phenolic (Rehfuss and 
Urban, 2005) and aromatic compounds (Pérez‐Pantoja et al., 2012) that might have 
resulted from lignocellulosic degradation during the treatment of POME. Sharip et al. 
(2016) in their study also found phenolic and aromatic compounds which resulted from 
the lignocellulosic degradation of oil palm mesocarp fiber (OPMF) condensates by 
using superheated steam. However, Chromatiaceae was reported as a non-responsive 
community on lignocellulose with the ability to fix its own carbon (Darjany et al., 
2014). No previous study had been conducted to ascertain whether Chromatiaceae was 
able to absorb and digest plant-derived carbon or whether it could compete for the 
substrates derived from lignocellulosic degradation. 
  








































4.4 Concluding Remarks 
 
The information on the shift of bacterial community is of practical relevance in 
designing the bioindicator for monitoring the river water quality. The detection of the 
proposed bioindicators, Alcaligenaceae and Chromatiaceae in all the four POME final 
discharges, despite them having different properties and been generated from different 
processes of POME treatment, showed the potential of using these bacterial indicators 
to indicate river water contamination caused by this effluent. The bioindicator can be 
used to model a more sensitive and reliable pollution assessment method to 







SHIFT OF BACTERIAL AND METHANOGENIC ARCHAEAL 
POPULATIONS IN THE DIFFERENT STAGES DURING THE 




The pond and anaerobic treatment systems in the mills were using undefined microbial 
populations (McHugh et al., 2003) which were responsible for the biodegradation of 
organic compounds and contaminants. However, the unknown mechanism for the 
degradative pathways might lead to the digestion problems, causing a failure of the 
treatment system. In addition, the POME influences microbial ecology where the low 
nucleic acid (LNA) bacteria cells were shown to be shifted to high nucleic acid (HNA) 
bacterial cells in the affected river water due to POME final discharge (Sharuddin et 
al., 2018). Therefore, the issues of POME treatment cannot be figured out without 
understanding the biodegradative pathways throughout the treatment of POME. 
 
The focus of current studies has largely been on the microbial community structure of 
POME in various bioreactor configurations (Rana et al., 2017). However, less attention 
was given to the bacterial and archaeal consortia involved in the biodegradation in the 
different stages of a full-scale treatment of POME. Insights into the bacterial and 
archaeal communities and key players catalysing a complex series of biochemical 
reactions to reduce the polluting power of POME in the treatment system are still 
unclear. Therefore, the substrates causing an inefficient treatment of POME are not 




determining the BOD and COD removal efficiency could not be directly used to 
correlate between microbial biomass and any particulate organic matters present in the 
treatment system. Hence, the assessment of microbial community that is responsible 
for the biodegradation in the different stages of POME treatment is important to 
understand the performance of the treatment system. 
 
The determination on the composition of microbial community during the wastewater 
treatment process using molecular approach, such as PCR-DGGE is commonly 
adopted in many previous studies (Abdullah et al., 2013; Gray et al., 2002; Sánchez et 
al., 2011; Venkata Mohan et al., 2010). The changes in the microbial community 
structure can be visualized through the PCR-DGGE fingerprint patterns. However, the 
PCR-DGGE could result in low resolution of DNA patterns and it is also difficult to 
identify the major DNA bands. In addition, the DNA sequences information is limited 
up to the genus level due to short sequences (< 200 bp). Despite its limitations, PCR-
DGGE still remains a useful method for monitoring shifts in microbial community 
structure over time, especially to be used as a preliminary approach prior to in-depth 
analysis of next generation sequencing.  
 
The recent development of high-throughput sequencing technology such as Illumina 
MiSeq has been helpful to analyse even low-abundance microorganisms, and therefore 
can elucidate the composition of the microbial community more completely and 
accurately. In this study, bacterial and archaeal diversity and composition at the 
different stages of POME treatment were assessed by using PCR-DGGE, followed by 
MiSeq sequencing, allowing insights into details of the distribution of these 




assessment of the bacterial and methanogenic archaeal communities in the different 
stages would be beneficial for understanding the biodegradation mechanisms involved 
in the full-scale treatment of POME. 
 
 Materials and Methods 
 
5.2.1 Samples Collection 
 
POME samples were collected monthly from January until December 2015 at FLEDA 
Pasoh 4 Palm Oil Mill which situated at Simpang Pertang, Negeri Sembilan, Malaysia 
(3º0’52” N, 102º18’12” E). Eight samples were collected from the different stages 
comprising of anaerobic, facultative anaerobic and aerobic processes, including the 
mixed raw effluent (MRE), mixing pond, holding tank and final discharge in a typical 
POME treatment system as shown in Figure 5.1. The 2 L sample from each sampling 
point was collected in a pre-cleaned plastic container. The samples were collected from 
the collection pit at the end of each stage, except for MRE which was taken from the 
fresh raw POME. 
 
5.2.2 Physicochemical Characterisation of POME  
 
The physicochemical characterisation of selected parameters was conducted for all 





5.2.2.1 pH and Temperature 
 
The pH and temperature values were recorded in situ using the portable meter 
according to the method as described in Section 3.1.1. 
 
5.2.2.2 Biochemical Oxygen Demand Concentration 
The concentration of BOD5 was measured for all samples according to the procedure 







































5.2.2.3 Chemical Oxygen Demand Concentration 
 
The concentration of COD for all samples were measured by using reactor digestion 
method (HACH method 8000) (Section 3.1.3). 
 
5.2.2.4 Determination of Total Organic Carbon 
 
The total organic carbon (TOC) of water samples was determined using a TOC-VCSH 
Analyzer (Shimadzu, Japan) by a differential method according to TOC Analyzer 
Manual (Annual Book of ASTM Standard, Standard D 7573-09). This technique is 
regarded as the most applicable method for measurement of organic carbon in the 
range of 0.3 mg/L to 1000 mg/L. The diluted water samples were injected into a quartz 
bed and heated at 680°C. The aqueous samples were then converted into a gaseous 
phase and forced through a layer of catalyst to ensure all compounds containing carbon 
were converted into CO2 which was then measured by the non-dispersive infrared 
detector. For TOC analysis which consisted of all organic carbon regardless of form, 
a portion of the sample was injected to determine the total carbon (TC) which is the 
sum of all organic and inorganic carbon species. A portion of the sample was then 
acidified and purged to remove the inorganic carbon (IC) which consisted of CO32-, 
HCO3-, H2CO3 and dissolved CO2. The purged IC was measured as a total of IC. The 
TOC, TC and IC were calculated based on the following equations: 
 
Equation 5.1: 
TC (mg/L) = IC (mg/L) + TOC (mg/L) 
 
Equation 5.2: 




5.2.3 Compounds Characterisation  
 
An understanding of the chemical composition of wastewater is important since this  
allows an understanding of reactions and interactions with the organic and inorganic 
compounds. The characterization of the chemical compounds of various types of 
wastewater (Huang et al., 2010; Sophonsiri and Morgenroth, 2004; Talib et al., 2016) 
is important to allow an understanding of reactions and interactions between the 
organic and inorganic compounds (Shon et al., 2006). Fundamental information on 
specific characteristics of organic matter is crucial to ensure the POME treatment 
process is in the optimized condition. 
    
5.2.3.1 Organic Acids Determination 
 
The sample was centrifuged at 10,000 g for 15 min to remove the biomass. The organic 
acids were identified according to the analytical methods of NREL/TP-510-42623.43 
(Sluiter et al., 2012) by high-performance liquid chromatography (HPLC) equipped 
with an ultraviolet (UV) detector (Shimadzu, Japan). A 20 µL of sample was pre-
filtered using 0.2 µm nylon membrane before it was injected into the HPLC system. 
The organic acids were separated on an Aminex HPX-87H column, 300 mm × 7.8 mm 
(Bio-Rad, California, USA) using 0.08 M sulphuric acid as a mobile phase at a flow 
rate of 0.6 mL/min and an oven temperature of 50°C. Detection was carried out using 
UV at 210 nm, while the peak of each acid was identified by referring the retention 
time obtained to that of standard compounds using a standard curve (Appendix B). 





5.2.3.2 Gas Chromatography-Mass Spectrometry Analysis 
 
Compositions of other lignocellulosic degradation products in the samples were 
determined by using Gas Chromatography-Mass Spectrometry (GCMS) (Shimadzu, 
Japan) following the method of Chokwe et al. (2012), with a detection limit of peak 
area >2%. Liquid–liquid extraction pretreatment was carried out prior to GCMS 
analysis using CH2Cl2 (chromatogram pure grade, Fisher Corporation, USA). A 20 mL 
sample was freezed dried prior to dissolve in 2 mL methanol. The sample was then 
filtered through a 0.22 µm nylon membrane before being analysed. GCMS was 
equipped with a DB-5 column (Agilent, USA) of 30 m × 0.25 mm internal diameter, 
0.25 µm film thickness. The conditions were set as follows: initial oven temperature 
was held at 70°C for 2 min and ramped at 20°C/min to 230°C, then increased to 270°C. 
Helium was used as a carrier gas at a flow rate of 1 mL/min. The injector temperature 
was maintained at 250°C. A 1 µL sample was injected neat with a split ratio of 1:10. 
The mass spectra were recorded over the 50–650 amu range at one scan per second 
with ionization energy of 70 eV and ion source temperature at 230°C. The 
compositions of samples were qualitatively identified through comparison of sample's 
mass spectrum with library and literature. 
 
5.2.4 Genomic DNA Extraction of POME Sludge and Final Discharge 
 
For the purpose of bacterial community analyses, each sample except final discharge 
was dispensed into a sterile Falcon tube and centrifuged at 14,000 g for 10 min at 4°C. 





Total genomic DNA was extracted from sludge samples using the Power Soil DNA 
Isolation Kit (Mo Bio Laboratories Inc., USA) following the manufacturer’s 
instructions. Briefly, approximately 2 g of sludge sample was added to the Power 
Bead and lysis buffer-containing tubes provided in the kit, followed by the addition 
of Solutions C1 and C5. The DNA was eluted from the column using the C6 elution 
buffer. The DNA concentration and quality were then determined using a NanoDrop 
2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, USA) and agarose gel 
electrophoresis, respectively. The extracted genomic DNA samples were stored at 
−20°C prior to further analysis. Meanwhile, the total genomic DNA extraction for 
final discharge samples was done according to the method as described in Section 3.2. 
 
5.2.5 Bacterial Community Analysis by PCR-Denaturing Gradient Gel 
Electrophoresis 
 
Bacterial community analysis in POME and final discharge samples were performed 
following the methods as described in Section 3.3. 
 
5.2.6 Illumina MiSeq Sequencing and Bioinformatic Analysis 
 
For the metagenomics analysis of bacterial and archaeal community, extracted 
genomic DNA was proceeded to high-throughput MiSeq sequencing and 







 Results and Discussion 
 
5.3.1 Physicochemical Characteristics of Palm Oil Mill Effluent 
 
The assessment of the physicochemical properties of POME in each stage of treatment 
is one of the important aspects in understanding the influence of treatment conditions 
on the changes of bacterial community structure. Hence, in this study, the 
physicochemical characterization of selected parameters was conducted for all 
samples which included the pre-treatment, anaerobic, facultative, aerobic and final 
discharge stages of POME treatment for one-year period from January until December 
2015. 
 
5.3.1.1 pH and Temperature  
 
The pH value is a measure of the acid strength in the water, while the water temperature 
is defined as a measure of heat content of the water mass which both generally affected 
most physical, biological and chemical characteristics of a river water (Ibrahim et al., 
2012). The pH values and temperature of the samples were recorded (Figure 5.2) as 
one of the efforts to determine the influence of pH and temperature towards POME 






Figure 5.2 The profiles of pH and temperature in the different stages of 
POME treatment. 
 
POME has a substantially high temperature during the initial generation of the fresh 
raw POME itself and during the first stage of effluent treatment in the ponds (Bala et 
al., 2014a). In this study, fresh raw POME (MRE) recorded a slightly low temperature 
of 59°C (Figure 5.2) as compared to the other studies which reported the temperature 
range of 80 to 90°C (Alhaji et al., 2016; Bello and Abdul-Raman, 2017). The POME 
was then cooled down in the first pond to 60 – 63°C (Yoochatchaval et al., 2011). 
Generally, in palm oil processing, hot steam is used in most of the stages which include 
the sterilization, digestion and oil extraction processes, hence producing a fresh raw 
POME with a very high temperature. Following that, the holding tank and ponding 
system are function to cool down the high temperature of POME as the effluent went 
through the treatment stages. The temperature was reducing steadily throughout the 





























temperature of 33°C. It is shown that the average temperature for final discharge was 
comparable and within the range of ambient temperature as reported in the other 
studies (Saeed et al., 2016; Zainal et al., 2017). 
 
Meanwhile, the samples from pre-treatment processes of POME (MRE, mixing pond 
and holding tank) recorded an acidic pH at 4.0 - 4.3, mainly due to the generation of 
organic and free fatty acids resulted from the partial degradation of palm fruits (Salihu 
and Alam, 2012). pH values then continued to rise slowly until pH 7.1 during 
anaerobic treatment (reactor and digester tank). This might be due to the degradation 
of organic acids, as well as the consumption of H+ during methanogenic digestion 
(Feng et al., 2015). Methanogenesis is strongly affected by pH, as such, methanogenic 
activity will decrease when pH in the digester deviates from the optimum value. 
Gerardi (2006) reported that optimum pH for most microbial growth in biological 
treatment unit is between 6.8 and 7.2, while pH lower than 4 and higher than 9.5 are 
not tolerable.  
 
Meanwhile, the pH was increased from 7.38 ± 0.23 to 8.17 ± 0.54 from facultative 
pond to final discharge. Facultative and algae ponds are necessary to further reduce 
the organic content in the wastewater before it is discharged into rivers. The facultative 
ponds rely on bacteria to break down the organic matters into simple end products of 
methane, carbon dioxide, hydrogen sulphide and water (Azmi and Yunos, 2014). 
Meanwhile, the algae ponds rely on algae to consume carbon dioxide during 
photosynthesis, and this consumption is responsible for an increase in pH before 





Nevertheless, as stated by Malaysia Environmental Quality Act 1974 (DOE, 1977), 
the final discharge showed acceptable pH and temperature values whereby the 
standard temperature should be below 45°C, while pH value should be ranging from 
pH 5.0 to 9.0.  
 
5.3.1.2 Correlation between Biochemical Oxygen Demand, Chemical Oxygen 
Demand and Biogas Production 
 
Biochemical oxygen demand (BOD5) is one of the basic and most important water 
quality parameters because it provides an index to assess and indicate the strength of 
pollutants in terms of oxygen required to stabilise domestic and industrial wastes 
(Malaysia Environmental Quality Report, 2006). In this study, the concentration of 
BOD5 was measured to indicate the functionality of POME treatment system. Figure 
5.3 shows the average changes of BOD5 concentration throughout POME treatment 
for all sampling points whereby the MRE showed the highest average of BOD5 value 






Figure 5.3 The changes of BOD5 (●) and COD (░) throughout the different 
stages of POME treatment. The error bars represent standard 
deviations of experiments performed in twelve months. 
 
Fresh raw POME contains biodegradable constituents with a BOD/COD ratio of 0.5 
and this implies that POME can be easily treated using biological means 
(Tchobanoglous et al., 2003). A large reduction of BOD5 concentration was detected 
in the closed reactor (83.8%) and open digester (82.3%), hence indicated the 
satisfactory performance of anaerobic processes. According to Satyawali and 
Balakrishnan (2008), more than 80% of BOD can be removed from an anaerobic 
treatment with the potential of energy recovery in the form of biogas.  
 
In order to complement the anaerobic treatment in reducing the BOD5 concentration 
effectively until it meets the standard discharge limit for river water quality by the 
Department of Environment (DOE) of Malaysia, aerobic processes have been 
introduced as a part of the POME treatment. In this study, the average BOD5 




























































from the standard discharge limit (100 mg/L). It might be due to the high processing 
FFB season in the year that produced a high load of incoming POME into the treatment 
plant (Liew et al., 2014).   
 
The generation of POME is also commonly associated with high level of COD 
concentration (Khemkhao et al., 2012). A high COD concentration may indicate the 
presence of recalcitrant chemicals which could not be degraded biologically, hence, 
the bioaccumulation of these compounds may give rise to environmental problems 
(Kanu and Achie, 2011). The COD concentrations for all sampling points throughout 
POME treatment stages were recorded as shown in Figure 5.3 where it showed a 
similar reducing trend as BOD5 data. Anaerobic treatment is regarded as one of the 
most effective ways to reduce COD reduction in high organic waste including POME. 
The COD removal was recorded with 60.1% reduction in the closed reactor and 62.5% 
reduction in the open digester. According to Wilkie et al. (2000), more than 50% of 
COD can be converted to biogas. 
 
The biogas production was also measured in the studied palm oil mill from the 
commercial scale of closed reactors (1800 m3 each; four units) with a total biogas 
production of 1,178,620 m3/year (Figure 5.4), hence indicates the anaerobic treatment 
is well functioned. Theoretically, the generation of methane can be estimated based on 
COD removal. In this study, the average COD removal in one unit of the closed reactor 
was 38,008 mg/L (60.1%). Therefore, methane was estimated to be produced in the 






Figure 5.4 Monthly production of biogas in commercial scale reactors (four 
units) with the capacity of 1800 m3 each in the studied palm oil mill 
in 2015 (Source: Data provided by FELDA Pasoh Palm Oil Mill). 
 
 
Table 5.1 Estimated methane production from POME based on 60.1% COD 
removal in one unit of the anaerobic (closed) reactor with the 
capacity of 1800 m3. 
 
Parameter Unit Closed reactor 
POME generated a m3 1800 
COD concentration in raw POME mg/L 63,233 
COD in tank mg/L 25,226 
COD converted tonnes 68.41 
CH4 produced b tonnes 17.10 
a Capacity of tank 



























Following the anaerobic process, the average COD concentration was reduced until it 
reached 3,571 mg/L of COD for final discharge sample. These data reflected the 
feasibility of aerobic process where it is implemented as the secondary treatment to 
further treat the POME before it is being released into nearby river. The result was in 
accordance with Vijayaraghavan et al. (2007) who showed a remarkable removal of 
COD in POME by using aerobic treatment. 
 
5.3.1.3 Total Organic Carbon 
 
The TOC analysis is one of the measurement methods for identifying the amount of 
organic matter in wastewater and also plays an important role in assessing the 
efficiency of wastewater treatment system (Poh et al., 2010). Generally, it is a sum of 
dissolved organic carbon and particulate organic carbon. The average TOC 
concentration recorded in this study for each sampling point is shown in Figure 5.5. 
Based on the results obtained, the TOC concentration was reduced from MRE to the 
final discharge point. The reduction of TOC concentration was shown to be in 
accordance with the BOD5 and COD data which supports the correlation between these 
parameters as stated by Dubber and Gray (2010). This finding also indicated that the 
implementation of POME treatment in the mill is successful in reducing the TOC 







Figure 5.5 The changes of TOC concentration throughout the different stages 
of POME treatment. The error bars represent standard deviations 
of experiments performed in twelve months. 
 
 
5.3.2 PCR-DGGE Analysis of Bacterial Community Structure 
 
Biological treatment of POME is relying upon the activity of complex microbial 
communities, hence they must be functionally stable in order to continuously and 
steadily remove organic pollutants in POME. However, knowledge regarding the 
microbial community structures in the POME treatment and their correlation to the 
environmental variables are still lacking. The PCR-DGGE of 16S rRNA genes is a 
common molecular tool used in assessing the microbial community in the effluent 
treatment plant (Bafana et al., 2015). This method has also been successfully used to 
investigate the bacterial diversity in municipal wastewater (Miura et al., 2007). In this 
study, a PCR-DGGE method was used as a preliminary and confirmatory step prior to 



























In general, the coupling of PCR amplification of taxonomical targets with DGGE 
enable the separation of DNA fragments of identical length but of different sequence 
which allows the evaluation of the dominant bacterial community diversity in the 
samples (Lucena-Padrós et al., 2015). Prior to DGGE, the amplification of the 
extracted DNA was done using a pair of 16S rRNA universal primer, producing DNA 
fragment with 161 base pair as shown in Figure 5.6. The DGGE analyses were then 
carried out for the samples from all treatment stages of POME for a period of one year 
for rapid detection of bacterial community changes, as well as to analyse the 
distribution and composition of bacterial community (Figure 5.7).  
 
 
Figure 5.6 Representative of 16S rRNA regions amplified by PCR separated 
on 1.6% agarose gel electrophoresis with the approximate size of 
161 bp. (A: MRE, B: Mixing pond, C: Holding tank, D: Reactor 
(closed), E: Digester (open), F: Facultative, G: Algae, H: Final 
discharge). M: 100 bp DNA ladder as a molecular marker.  
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Figure 5.7 DGGE fingerprint profiles (i) and normalized-DGGE images (ii) 
respectively for A: MRE, B: mixing pond, C: holding tank, D: 
reactor (closed), E: digester (open), F: facultative, G: algae, H: final 
discharge for one-year monitoring period. 
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The sequencing analysis of the dominant bands in all the POME samples revealed the 
presence of at least 30 different bacterial species with most of these species belonging 
to the Firmicutes phylum (Table 5.2). The diverse bacterial population along POME 
treatment is due to the highly complex nature of POME. The presence of palm fibers 
in POME composed of cellulose, hemicelluloses and lignin can be biodegraded by 
hydrolysis reactions. The temperature of 51 – 59°C recorded in the MRE, mixing pond 
and holding tank (Figure 5.2) is beneficial for the hydrolysis of the fiber (Khemkhao 
et al., 2015). A higher temperature not only increases thermal degradation, but also, 
based on PCR-DGGE analysis (Figure 5.7), enriches a number of working hydrolytic, 
acidogenic and acetogenic bacteria (Table 5.2), for instance members of Clostridiales 
family such as Thermoanaerobacterales, Thermoanaerobacterium 
thermosaccharolyticum and Caldicellulosiruptor. It has been reported that the well-
known anaerobic cellulolytic bacteria require high temperatures for their growth and 






Table 5.2 Phylogenetic sequence affiliation and similarity to the closest 
relative of amplified 16S rRNA gene sequences excised from DGGE 
gels for A: MRE, B: mixing pond, C: holding tank, D: reactor 







Closest relative Phylum Family 
A: Mixed raw effluent (MRE) 
1 0.941 Thermoanaerobacterium 
thermosaccharolyticum 
Firmicutes Syntrophomonadaceae 




3 0.987 Brachybacterium sp. 
K473 
Actinobacteria Dermabacteraceae 
4 0872 Lactobacillus mucosae Firmicutes Lactobacillaceae 
5 0.85 Thermoanaerobacterales 
bacterium 
Firmicutes Clostridiales 
B: Mixing pond   
1 1.00 Lactobacillus delbrueckii 
subsp. lactis 
Firmicutes Bacilli  
2 1.00 Thermoanaerobacterium 
thermosaccharolyticum 
Firmicutes Clostridiales 
3 1.00 Caldanaerobius sp. Firmicutes Thermoanaero-
bacteraceae 
4 0.916 Caldicellulosiruptor Firmicutes Clostridiales 
C: Holding tank 
1 0.917 Lactobacillus delbrueckii 
subsp. delbrueckii 
Firmicutes Lactobacillaceae 
2 0.939 Prevotella sp.  Bacteroidetes Prevotellaceae 
3 1.00 Thermoanaerobacterium 
thermosaccharolyticum 
Firmicutes Clostridiales 
4 0.658 Thermoanaerobacterales 
bacterium 
Firmicutes Clostridiales 
5 0.921 Uncultured Clostridium 
sp. 
Firmicutes Ruminococcaceae 
6 0.846 Caldanaerobius sp. Firmicutes Thermoanaero-
bacteraceae 
D: Reactor (closed) 
1 0.586 Uncultured bacterium Bacteroidetes Bacteroidaceae 
2 0.948 uncultured bacterium Firmicutes Syntrophomonadaceae 
E: Digester (open) 




2 0.994 Uncultured bacterium Bacteroidetes Unclassified 
3 0.976 Uncultured bacterium Unclassified bacteria 
F: Facultative 
1 0.902 Chloroflexi bacterium Chloroflexi Anaerolineaceae 
2 1.000 Bacillus lentus Firmicutes Bacillaceae 
3 0.374 Polaromonas sp. Proteobacteria Comamonadaceae 
4 0.336 Gallibacterium anatis Proteobacteria Pasteurellaceae 
G: Algae 
1 0.915 Arcobacter butzleri Proteobacteria Campylobacteraceae 
2 0.645 Thermotogaceae 
bacterium 
Thermotogae Kosmotogaceae 
3 1.000 Uncultured bacterium Synergistetes Synergistaceae 
H: Final discharge 
1 0.966 Pseudomonas sp. Proteobacteria Pseudomonadaceae 
2 0.918 Povalibacter Proteobacteria Sinobacteraceae 
3 1.000 Polynucleobacter Proteobacteria Burkholderiaceae 
 
 
It is generally known that the fermentative bacteria are required to metabolise the 
complex organic materials of POME into fermentation products (Jong et al., 2011). 
The fermentative bacteria for instance Firmicutes that present in the early stages of 
POME treatment (MRE, mixing pond and holding tank) may play a role in fermenting 
the complex compositions (lignocellulosic) of POME into simple organic compounds. 
The results were in accordance with the bacterial community studies in simultaneous 
treatment of raw POME and biodegradation of palm fiber in high-rate continuous 
strirred tank reactor (CSTR) conducted by Khemkhao et al. (2015) and Nitipan et al. 
(2014) whereby Firmicutes was found as a dominant phylum. 
 
In addition, DGGE fingerprinting also revealed the presence of Lactobacillaceae, 
Prevotellaceae, Ruminococcaceae and Thermoanaerobacteraceae (Table 5.2 (C)) 
dominantly in the holding tank. According to Schmidt et al. (2015),  Ruminococcaceae 




Thermoanaerobacteraceae was reported to be consistently detected in cellulose-
containing wastewater (Liu et al., 2003).  
 
On the other hand, the DGGE fingerprints of the final discharge sample revealed a 
distinct shift of bacterial community due to aerobic condition and biodegradation 
processes throughout POME treatment with the appearance of dominant bands 
corresponding to sequences affiliated to the Pseudomonadaceae, Sinobacteraceae and 
Burkholderiaceae families (Table 5.2 (H)). Pseudomonas sp., a member of 
Pseudomonadaceae family was reported to be able to assist plants in phytoremediation 
for removing pollutants from POME final discharge (Hamzah et al., 2016). Elmi et al. 
(2015) also suggested that the presence of Pseudomonas sp. was able to reduce the 
COD value to 58%. Besides, the ability of Pseudomonas sp. to reduce COD 
concentration was also being reported by Sonune and Garode (2015) where 60% of 
COD reduction from municipal wastewater was achieved. Meanwhile, 
Sinobacteraceae prefers to utilize aliphatic, aromatic hydrocarbon compounds and 
small organic acids for degradation (Gutierrez et al., 2012). According to Zhang et al. 
(2018), Sinobacteraceae is one of key players in the biodegradation of hazardous 
organic pollutants in the textile-dyeing industrial wastewater system.  
 
However, it should be noted that there are some limitations in the PCR-DGGE 
approach, for instance low abundance microorganisms may not clearly appear in 
distinct bands in DGGE gel, hence the analysis gives incomplete distribution and 
composition of species in a particular sample. According to Lucena-Padrós et al. 
(2015), PCR-DGGE method only provides the monitoring of dominant bacterial 




PCR-DGGE and might only appear as a weak band when their concentration is lower 
than 103 CFU/mL. Due to the high number of bacterial diversity in a particular sample, 
it may results in smear bands cause by the high number of the weak bands (Boon et 
al., 2002). Hence, a high-throughput sequencing using Illumina MiSeq was applied in 
this study to thoroughly investigate the compositions of bacterial and archaeal 
communities that are responsible in the biodegradation of POME throughout the 
treatment, as discussed in the next section. 
 
5.3.3 Next Generation Sequencing (Illumina MiSeq) Analysis 
 
The functional stability of POME treatment system primarily relies on the dominant 
microbial activities and their interactions within highly diverse communities. An 
anaerobic digestion of POME uses unknown microbial populations (McHugh et al., 
2003) which were responsible for the biodegradation of organic compounds  to reduce 
the polluting power of wastes and wastewater (David and Japareng, 2015). With a 
limited knowledge of microbial community that is responsible for the biodegradation 
particularly in the full-scale treatment of POME, this study offers a novel insight into 
the composition and diversity of the bacterial and methanogenic archaeal populations 
during POME treatment.  
 
Recently, many studies have investigated the dynamics and diversity of microbial 
communities from different wastewater treatment systems by using high-throughput 
sequencing, which enables us to detect massive microbial populations at a high 
throughput and low cost (Ma et al., 2015; Wang et al., 2012; Wang et al., 2017; Zhang 




microbial compositions in various industrial systems (Caporaso et al., 2012). A 
thorough understanding on the microbial community structure of POME has also been 
carried out in various bioreactor configurations (Rana et al., 2017). However, to our 
best knowledge, there is very limited studies on the microbial communities that are 
responsible in the biodegradation of POME in the different stages of a full-scale 
treatment. Therefore, a thorough in-depth sequencing using Illumina MiSeq was 
carried out in this study to analyse the compositions and diversity of bacterial and 
archaeal populations from different stages of POME treatment for one whole year 
period. 
 
5.3.3.1 Richness and Diversity of the Bacterial Community 
 
The normalised DGGE images (Figure 5.7(ii)) provide the important clues on the 
bacterial community structure and composition in the POME treatment system for a 
year period. Since the dominant bacterial populations in each stage showed almost a 
similar pattern throughout a year, only samples from January, June and December were 
selected to be further analysed using Illumina MiSeq, mainly due to seasonal 
difference of temperatures between rainy and dry season in these three months in the 
studied sites.  
 
In total, 1,134,163 effective sequences with an average length of 253 bp were obtained 
from high throughput sequencing and reads for each sample ranged from 82,687 to 
200,631 (Figure 5.8). Sequences with ≥ 97% similarity were grouped into OTUs. The 
sequence number of each sample was normalized and 38,069 – 148,262 OTUs were 




identified in all samples. These data have been deposited into the NCBI database under 
the accession number SRP108921. A total of 240,733 OTUs were assigned and the 
sequencing coverage rate was exceeded with values ranging from 90% to 99% for each 
sample, indicating that exhaustive information on the microbial community was 
obtained through MiSeq.  
 
Figure 5.8 Summary of analysed sequences in the different stages of POME 
treatment.  
 
In this study, the Shannon diversity index (H′) and Evenness index (E’) were used to 
measure the species richness and evenness of distribution of species within a 
community, where higher values of indices can be regarded as higher genetic diversity 
at a site. The richness and diversity of the bacterial and archaeal communities in the 
different stages of POME treatment are shown in Table 5.3. In the OTU-based 





















significantly increased from initial to the later stages of POME treatment. It was 
suggested that the bacteria that played important roles in the biodegradation at the early 
phases might become excessively dominant, hence lowering the H’, as reported by 
Sharuddin et al. (2017). In addition, the high concentration of organic matter that was 
readily available to most bacteria could contribute to the increment of the bacterial 
population (Jang et al., 2014), hence reducing the H’ and E’ in the early phases of 
POME treatment. Cardinali-Rezende et al. (2016) in their study also reported on the 
shift of bacterial community during the treatment of municipal solid waste with the 
increased diversity over time based on the biodegradative ability of microorganisms 
during anaerobic digestion. 
 
Table 5.3 Microbial alpha-diversity characteristics using Shannon-Weaver 
index (H’) and Evenness (E’) for POME samples from each stage 
of treatment. 
 
POME treatment stages Alpha-diversity analyses 
Shannon-Weaver 
index (H’) 
Evenness                     
(E’) 
Mixed raw effluent 0.869 0.050 
Mixing pond 0.800 0.077 





Facultative anaerobic pond 1.933 0.111 
Aerobic (algae) pond 1.929 0.109 







5.3.3.2 Shift of Bacterial Community Involved in the Initial Hydrolysis 
 
The analysed OTUs were assigned to 38 phyla, 92 classes, 155 orders, 236 families 
and 694 genera. The bacterial community at the family level is shown to be shifted 
throughout the treatment of POME (Figure 5.9). At the family level, a total of 370 
families was obtained and the major sequences were classified into 21 families with 
≥2% on average.  
 
MRE was suggested to contain microorganisms derived from palm fruit and 
lignocellulosic materials and contain various organic compounds generated in the 
process of palm oil production (Ahmad et al., 2011a; Hassan et al., 2005). 
Lactobacillaceae of the phylum Firmicutes showed the highest abundance in the MRE 
(35.9%) where it was suggested to contribute to the higher lactic acid production 
(3.127 ± 1 g/L) (Figure 5.10). A high proportion of Lactobacillaceae detected in the 
MRE might have originated from the remaining fiber since fresh raw POME contained 
a high concentration of suspended solids which mainly consisted of debris from the 
palm fruit mesocarp generated during the crude palm oil extraction process (Lam and 
Lee, 2011). According  to Baharuddin et al. (2009), lactic acid bacteria were found as 
the prominent community in the oil palm empty fruit bunch (OPEFB) due to the 






Figure 5.9 Relative abundance of the bacterial and archaeal communities categorized at the taxonomic family level in the 
different stages of a full-scale treatment of POME that were summarized from three sampling months (January, June 





























































Figure 5.10 Relative abundance of Lactobacillaceae (○), Veillonellaceae (●), 
Prevotellaceae (◊) and Clostridiaceae (▲) in relation to the 
concentrations of acetic ( ), lactic ( ) and propionic ( ) acids 
detected in the MRE, mixing pond, holding tank and closed 
reactor. No acids were detected in the open digester and the 
subsequent stages of POME treatment. The error bars represent 
standard deviations of experiments performed in triplicate. 
 
This study demonstrated the production of lactic acid by Lactobacillaceae as the 
earliest intermediate in the MRE, but as the reaction progressed, lactic acid showed a 
reduction while propionic and acetic acids were produced. The conversion of lactic 
acid to propionic acid, acetic acid and CO2 was previously reported to be catalysed by 
Veillonellaceae family (Cibis et al., 2016). This bacterium was found to be increased 
in the mixing pond (2.0%) and holding tank (5.83%) (Figure 5.9) in accordance with 
the increased concentrations of propionic acid and acetic acid (Figure 5.10). However, 
a large increment of acetic acid in the mixing pond to 6.121 ± 1 g/L was suggested to 
be produced by Clostridiaceae (47.8%) through the fermentation of cellulose and 


























































Clostridia in the waste sewage sludge might be involved in the hydrolysis and 
acidogenesis. Meanwhile, further increment of acetic acid concentration in the holding 
tank (11.393 ± 3 g/L) was suggested to be contributed by the Prevotellaceae, a member 
of Bacteroidetes which was increased to 19.2% in the mixing pond and to 49.7% in 
the holding tank. Prevotellaceae was reported as being a saccharolytic fermentative 
anaerobe involved in acidogenesis (Lee et al., 2015)  and able to produce volatile fatty 
acids (VFAs) including acetic acid as metabolic end products (Shah and Gharbia, 
1992).  
 
On the other hand, a high proportion of the Caldicellulosiruptoraceae detected in the 
MRE (11.9%), followed by Ruminococcaceae in the mixing pond (6.1%) and holding 
tank (17.3%) (Figure 5.9) were suggested to play a role in the initial cellulose 
hydrolysis. According to Rainey et al. (1994), Caldicellulosiruptor sp. could utilize 
cellulose, cellobiose, xylan and xylose by the actions of hydrolytic enzymes. 
Meanwhile, Ruminococcaceae was reported to contain a number of cellulolytic and 
amylolytic species which appear exclusively in biomass-derived culture of an 
anaerobic digestion (Weiß et al., 2016).  
 
5.3.3.3 Biodegradation of Lignocellulosic Materials 
 
The potential of lignocellulosic degradation was also observed during the treatment of 
POME. Alcohols detected in the early stages of POME treatment (Table 5.4) were 
suggested as the main degradation products of cellulose and hemicellulose, as being 
discussed by Yamaguchi et al. (2016). For instance, a dominance of Lactobacillaceae 




1,3−propanediol and 2,3−butanediol. The bioconversion of glucose into 
2,3−butanediol by Lactobacillus was previously reported by Celińska and Grajek 
(2009). It was also reported as being a 1,3−propanediol producer from the co-
fermentation of glycerol and glucose at the expense of ethanol and lactate (El-Ziney et 
al., 1998). The presence of glycerol in the POME has been described in a study by Jin 
and Viidanoja (2017). A higher population of Clostridiaceae in the MRE and holding 
tank was also suggested to be involved in the production of 1,3−propanediol. The 
utilization of lignocellulosic hydrolysates as co-substrates together with glycerol by 
Clostridia was reported able to enhance the production of 1,3−propanediol (Xin et al., 
2016). The disappearance of these compounds in the subsequent stages could be due 





Table 5.4 Presence of alcohols and phenolics as main degradation 
compounds from lignocellulosic materials in the different stages 
during the full-scale treatment of POME. 
Name of 
Compounds 
MREa MPb HTc CRd ODe FPf APg FDh 
Alcohols         
1,3-Propanediol √ √ √ √ √ - - - 
2,3-Butanediol √ √ - - - - - - 
Benzyl alcohol √ - - - - - - - 
Phenylethyl alcohol √ - - - - - - - 
3-Hexanol, 4-methyl √ √ - - - - - - 
Resorcinol √ - - - - - - - 
3-Pyridinol    √ - - - - - - - 
Triethylene glycol √ - - - - - - - 
Phenolics         
1,2-Benzenediol √ √ √ - - - - - 
Phenol, 3,4,5-
trimethoxy-   
√ - - - - - - - 
Phenol, 2-methoxy- √ - - - - - - - 
2-Methoxy-4-
vinylphenol 
√ - - - - - - - 
Phenol, 2,6-
dimethoxy- 
√ - - - - - - - 
3-Pyridinol   √ - - - - - - - 
Phenol, 4-(2-
propenyl)- 
√ - - - - - - - 
Tyrosol          √ - - - - - - - 
Homovanillic acid √ - - - - - - - 
Coumaran √ - - - - - - - 
Notes: a mixed raw effluent, b mixing pond, c holding tank, d closed reactor, e open 





In addition, the phenolic compounds were detected as the major degradation products 
in the MRE (Table 5.4) which was suggested due to the presence of lignin in the 
lignocellulosic materials. Sharip et al. (2016) in their study on the characterization of 
oil palm mesocarp fiber superheated steam condensate also found phenolics as the 
major compounds which were suggested to be contributed by the lignin degradation. 
A high temperature and acidic pH of raw POME was suggested to assist in the 
degradation of lignin (Ibrahim et al., 2013). According to Álvarez et al. (2005), the 
treatment of lignocellulosic material (sawdust) with acid could modify its chemical 
composition. Moreover, a study by Zakaria et al. (2015) suggested that the 
hydrothermal pretreatment of oil palm biomass could partially remove the 
hemicellulose and modify the lignin structure, resulting in the changes of the cellulose-
hemicellulose-lignin matrix.  
 
On the other hand, the presence of Comamonadaceae in the MRE (1.3%) was 
suggested to play a key role in the recycling of plant-derived carbon of aromatic 
compounds including phenols, as suggested by Pérez-Pantoja et al. (2012). Moreover, 
Alcaligenaceae which was detected in the MRE (0.05%) also known to have potential 
in the degradation of phenolics (Rehfuss and Urban, 2005) and aromatic (Pérez-
Pantoja et al., 2012) compounds. The Comamonadaceae and Alcaligenaceae were also 
found to be emerged in the facultative pond, algae pond and final discharge which are 
hypothesised to function in the degradation of certain compounds resulted from 
ultraviolet (UV) irradiation. Pereira et al. (2007) in their study stated that the selected 
group of compounds present in the aquatic environment can be degraded by UV 
photolysis and UV/H2O2 oxidation. As discussed in Chapter 4, the Alcaligenaceae was 




biotreatment processes, hence was proposed as one of the reliable bioindicators to 
indicate the river water contamination due to POME final discharge (Mohd-Nor et al., 
2018). The results presented in this study indicated that the phenols and alcohols 
present in the MRE were degraded throughout the POME treatment. These compounds 
were mostly detected in the MRE and mixing pond but not detected in the final 
discharge, hence indicated the successful degradation of lignocellulosic materials in 
the POME treatment system. 
 
5.3.3.4 Shift of Bacterial and Archaeal Communities Involved in the 
Methanogenesis 
 
A very large shift of bacterial community was recorded as the anaerobic treatments in 
the closed reactor and open digester started (Figure 5.9). The shift of methanogenic 
populations in the closed reactor and open digester was suggested to influence the 
generation of methane, as mentioned in the study of Chong et al. (2014). The 
concentration of VFAs including acetic acid was known to be correlated with the 
population of methanogens in an anaerobic system. In this study, the increased 
aceticlastic methanogen Methanosaetaceae in the closed reactor (0.8%) and open 
digester (0.6%) was suggested to play a role in degrading acetate for the generation of 
methane, which was supported by the large reduction of acetic acid in the reactor 
(Figure 5.10). 
 
A large increment of Syntrophomonas in the closed reactor (21.5%) and open digester 
(29.2%) could also function as acetate-oxidizing bacteria, provided the H2CO2 




2008). In addition, the co-culture of hydrogenotrophic methanogen 
Methanobacteriaceae (0.6–1.3%) with Syntrophomonas in the closed reactor and open 
digester could be involved in β-oxidation of fatty acids. In a previous work by 
Hatamoto et al. (2007), the co-culture of hydrogenotrophic methanogen 
Methanospirillum hungatei with Syntrophomonas palmitatica sp. nov. isolated from 
granular sludge in a mesophilic upflow anaerobic sludge blanket reactor for POME 
treatment was able to oxidise straight-chain saturated fatty acids including palmitate 
with carbon chain lengths of C4–C18. Long chain fatty acids, especially palmitate was 
previously reported to be present in the POME (Fang et al., 2011). It was reported that 
this co-culture played a role in β-oxidation of fatty acids whereby the fatty acids with 
ad odd number of carbon atoms were converted into propionate and methane, while 
acetate and methane were produced from the fatty acids with an even number of carbon 
atoms. The presence of hydrogenotrophic methanogen and syntrophic bacteria is also 
important to obtain maximum COD removal and optimum biogas production (Amani 
et al., 2012). However, the Syntrophomonas detected in the facultative pond (15.0%) 
might be carried over from the upstream anaerobic process. 
 
The results of this study indicated that the bacterial and methanogenic archaeal 
communities were shifted due to biodegradation in the different stages of the full-scale 
treatment of POME. The biodegradation by dominant bacteria from the hydrolysis to 
methanogenesis obtained from this study is illustrated in Figure 5.11. The findings of 
this research provide insights on the importance of the bacterial and methanogenic 
archaeal communities and their balanced populations in catalysing the biodegradation 





Figure 5.11 Schematic flow process diagram of biodegradation in the different 
stages during the treatment of POME catalysed by dominant 

































5.4 Concluding Remarks 
 
The presence of dominant bacterial and methanogenic archaeal populations in the 
different stages during the treatment of POME were mainly contributed to the 
biodegradation of POME. The presence of Caldicellulosiroptoraceae and 
Lactobacillaceae in the raw POME initiated the hydrolysis step in degrading complex 
lignocellulosic compounds. Products from hydrolysis were converted into organic 
acids through acidogenesis and acetogenesis processes by Clostridaceae, 
Veillonellaceae, Prevotellaceae and Ruminococcaceae. Meanwhile, 
Methanosaetaceae, Methanobacteriaceae and Syntrophomodaceae which were 
previously known to be involved in the methanogenesis process were predominantly 
detected during the anaerobic stage and contributed to the generation of methane. The 
changes in physiochemical properties, particularly in pH, BOD5, COD and TOC values 
throughout the treatment of POME were mainly due to the actions of these microbial 
communities which were supported by the continuous supply of substrate from 
biodegradation products. The findings of this research provide insights on the 
importance of the bacterial and methanogenic archaeal communities and their balanced 
populations in catalysing the biodegradation of a variety of compounds throughout the 
treatment of POME. The information obtained is an important first step in our 












Based on molecular-based methods of partial 16S rRNA gene identification through 
PCR-DGGE and Illumina MiSeq sequencing, the changes of the bacterial community 
in the different final discharges and throughout the treatment of POME were 
determined. The information on the shift of bacterial community is of practical 
relevance in designing the bioindicator for monitoring the river water quality. The 
detection of the proposed bioindicators, Alcaligenaceae and Chromatiaceae, in all the 
four POME final discharges, despite them having different properties and been 
generated from different processes of POME treatment, showed the potential of using 
these bacterial indicators to detect the river water contamination caused by this 
effluent.     
 
In addition, the shift of bacterial and methanogenic archaeal community structure in 
the different stages of POME treatment was mainly related to the biodegradation 
potential of microorganisms in degrading the pollutants. Caldicellulosiruptoraceae 
and Lactobacillaceae played an important role in the hydrolysis stage which 
contributed to the generation of lactic acid. Meanwhile, Clotridiaceae, Vellonellaceae, 
Prevotellaceae and Ruminococcaceae dominated the acidogenesis and acetogenesis 
processes which contributed to the higher production of acetic acid. The aceticlastic 
methanogen, Methanosaetaceae was involved in the acetic acid degradation during 




Methanobacteriaceae might be involved in fatty acids and acetic acid degradations by 
syntrophic cooperation with Syntrophomonas. Moreover, the detection of phenols and 
alcohols in the early phases but not in the final discharge indicated the successful 
degradation of lignocellulosic materials.  
 
 Recommendations for Future Studies 
 
Concurrent with the massive efforts in transforming palm oil industry in Malaysia into 
a more sustainable industry, a thorough waste management system to determine the 
impact of POME towards the bacterial community must be established. Hence, for the 
future studies, it is recommended to quantify the genes involved in the biodegradation 
specifically caused by Alcaligenaceae and Chromatiaceae as part of the development 
of bioindicators to the indicate river water contamination due to POME final discharge. 
 
While sequencing of 16S rRNA amplicon using Illumina MiSeq can provide detailed 
information on the microbial community involved in the biodegradation of POME, 
they are however unable to describe the metabolic function of the system. The 
application of recent advance in the fields of meta-transcriptomics can be used further 
in the future to understand the microbial functions in the biodegradation of POME. 
Meanwhile, the advance in Illumina sequencing technology could provide outstanding 
levels of transcriptional libraries. These metagenomes collection could serve as a 
platform for mapping of the recorded reads, allowing the tracking of changes in 
microbial activity. On top of that, quantitative-PCR (qPCR) technique can be used to 
specifically identify and quantify the target microorganism and gene involved in the 
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Preparation of Gradients Solution in Denaturing Gradient Gel Casting 
 
Table A The gradients used for DGGE gel casting 
Gradient (%) 0 30 65 
Urea (g) - 1.89 4.105 
Formamide (mL) - 1.8 2.9 
50 X TAE (mL) 0.3 0.3 0.3 
40% acrylamide solution (mL) 3.0 3.0 3.0 
Ultrapure water (mL) Up to 15 Up to 15 Up to 15 
10% Ammonium persulfate (μL) 135 135 135 








Standard Curves for the Determination of Organic Acids  
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